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PART II

FOREWORD

This report was prepared by the Aerospace Mechanics Group of the
University of Dayton Research Institute under USAF Contract F33615-
70-C-1170. The contract was initiated under Project No. 1369, "Launching
and Alighting Systems for Military Aircraft, " Task No. 136908, "Aircraft
Surface Operation on Soil." This work was conducted under the direction
of the Vehicle Equipment Division, Air Force Flight Dynamics Laboratory,
Wright-Patterson Air IForce Base, Ohio, Mr. George Sperry (AFFDL/FEM)
Project Engineer.

This report covers work conducted from 18 December 1970 to
15 December 1971, SR -

~— e Lo

The authors wish to thank Mr. Sperry for his efforts and assistance
in integrating the research program toward Air Force objectives., This
report was submitted by the authors in January 1972.

Publication of this technical report does not constitute Air Force
approval of the reported findings or conclusions. It is published only for
the exchange and stimulation of ideas.

KENNERLY H. DIGGES
Chief, Mechanical Branch

Vehicle Equipment Division
Air Force Flight Dynamics Laboratory
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ABSTRACT

The design and atilization of military aircraft in forward area
situations has required a continual investigation of those factors which
define the aircraft flotation performance and surface operating capability
on semi~ and unprepared soil runways. This report summarizes these
efforts conducted under Phase III - Part II of a continuing research program
in landing gear/soil interaction.

Phase III - Part II consisted primarily of a comprehensive investi-
gation of the flotation variable of braking and how braked tire/soil inter-
action influences flotation performance. A series of full scale braked
tire tests were conducted in a sand and clay type soil. An analytical study
of braked tire/soil interaction was also made using a lumped parameter
technique to simulate the soil. The results of these investigations resulted
in two braking analysis equations which can be used to predict the braked
tire drag ratio, RB/P (where RB = braked drag force, P = vertical tire load),
for aircraft type tires operating in sand and clay type soils. Both the braking
tests results and analysis equations apply to a limited speed range (0 to
15 knots).

Additional studies were also made, on a preliminary basis, of the
flotation variables of multipass and speed. An update of the Aircraft
Flotation/Operation Summary Guide, initially presented in the Phase III -
Part I Final Report, is also presented.
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SECTION 1

INTRODUCTION AND AIRCRAFT FLOTATION/
OPERATION SUMMARY GUIDE

(1-7)

A number of comprehensive efforts have been conducted in recent
years in studying the problems associated with the operation of military air-
craft on forward area soil runways. The results of these efforts have led to
an identification of what have been termed the primary and secondary
variables which influence aircraft flotation/operation performance. The

primary variables are aircraft surface drag, sinkage, multiple wheel effects,

braking, soil surface type and strength, and tire size and contained air

pressure. Secondary variables include multipass, speed, turning, landing

impact, surface roughness, texture, and stress ha.rdening characteristics.,

The current research effort described in this report is a part of a con-
tinuing research program sponsored by the United States Air Force. The
objective of this continuing research program is to: (1) analytically define
landing gear=-soil interaction; (2) develop a system for comparing and rating
the flotation capacity and surface operating capability of landing gear contact
elements and landing gear systems during aircraft operations on soil runv. 1ys;
and (3) to develop systematic design procedures for optimizing the flotation
and surface operating capability of future aircraft., Phase 1(6) of this program
included a survey of the flotation problem, establishment of the critical
paraineters, and an investigation of available flotation data leading to the
development of a flotation analysis equation. Phase II(Z) included the
development of an empirical sinkage prediction equation, development of a
lumped parameter simulation sinkage prediction technique, conducting the
Rolling Single Wheel Verification Tests, and the development of the Single
Wheel Relative Merit Index (RMI) system for defining comparative flotation
capacity (see Figure 1 for a typical comparative rating). Phase III - Part I(l)
congisted of the development of the multiwheel sinkage-drag analysis
equations, conducting the Multiwheel Verification Tests, and the develop-

ment of a lumped parameter iteration technique for simulating the

i . ____‘A‘ —
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I
AIRCRAFT LLANDING GEAR |
L iy TINGS
(R/P)M FLOTATION RATI
r l Based on:
0.00 Rolling Drag (including multiwheel
effects) Performance in the 5 to
30 Knot Speed Range.
C-123K — __c.119G
0.05
C-131E |
A\ «
Co5A LIQ_ C-130E The aiccraft listed are
. rated based on data
= taken from Keferences
C-133B — :g 8, 9, and 10, using the
a conditions listed below:
L— C-135A
0.15 © Soil Strength ~ 8 CBR
o (250 CIavg)
o Normal Landing Weight
9 Normal Tire Deflection
__ KC97G z Clay Type Soil
0. 20 @
@
o
= (
Q
=}
L]
C-141A
0. 25
) 1
0. '30
1-1-72 d

Figure 1, Cargo Type Aircraft Landing Gear Flotation Ratings




interaction of dual tires on soil. Phase III - Part II, described herein,
included:

- Braked Wheel Verification Tests

- Lumped parameter braking simulation technique computer program

- Development of braking analysis equations for defining braking
drag ratios

- Preliminary studies of multipass and speed effects.

The results of the tire/soil interaction studies conducted to date, as
well as the results of numerous mobility studies, were used to develop
the Aircraft Flotation/Operation Summary Guide presented in Table I.
The information contained in Table I provides an up to date review of
flotation information for aircraft operations and design personnel. Tle
details of the development of this information are available in past
reports(l-7). Reference to Table I indicates that considerable progress
has been made to date (1971) in establishing and verifying the criteria for
the primary flotation variables of sinkage, drag, multiwheel, and braking.
Based on these criteria it is now possible to develop systematic landing
gear design procedures. One such system(u) which was recently developed
is detailed in Figure 2. The basis of the design approach uses drag and
sinkage as the optimizing variables in selecting candidate landing gear
designs. Each design is then further evaluated by the multipass analysis

procedure and the resulting information is used to select the finalized

landing gear design, As additional information becomes availabl : on landing

o

gear loads, aircraft turning interactions, landing gear storage volumes,

and weight trade-offs, a full optimization design procedure will be developed.
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SECTION II
BRAKING SINKAGE AND DRAG ANALYSIS

A. BRAKING VERIFICATION TESTS

Purpose and Objectives

The purpose of the braked tire on soil test program was to obtain
data for the further study and development of theories concerned with
predicting the influence that braking action has on aircraft tire performance
on soil. Verification and possible modification of the previously developed
semi-analytical braking theory(l) was of primary interest. The specific
objectives include:

1. Verify the variation of sinkage with increasing percent negative

slip (braking) for tires operating in sand and clay type soils.
2. Further establish the variation of the shear force at the tire
soil interface with percent negative slip (braking).

3. Study the influence of speed, in the limited velocity range of 5 to
20 fps, on braked tire drag and sinkage in sand and clay type
soils.

4. Comparatively study test data with braked tire drag ratio pre-

diction equations and also the lumped parameter iteration
braking solution.

5. Evaluate the influence of high tire deflection on braked tire drag

and sinkage in sand and clay type soils.

Test Program

(3)

Based on a previous experimental braking study' ™', speed was
observed to influence both sinkage and drag for aircraft tires braking in
soil. Due to current funding limitations, however, only a limited velocity
range was studied in this test program, while also accomplishing the
previously listed objectives. The test program was designed to give drag

and sinkage data that was in the range of application to aircraft flotation

{
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analysis, The test program which is summarized in Tables II and III for

} the clay and sand type soil was run with a 7:00-6, 6 PR Type Il tire, and a
} 8:50-10, 8PR Type III tire. Both of these tires had been used in the previous ?
flotation test programs, and therefore, offered the best conditions for
correlation of the current test data with that information obtained previously.
The following parameters were measured for each test:

L Vertical Load (P)

Drag Load - Rolling (R) and Braked (RB) 4
Braking Torque (T!')

Wheel Velocity (Periphera‘)(Vw) <
for calculation of % slip (S)

4 4
a

Carriage Velocity (Va)
Wheel Axle Vertical Movement (Za)
Soil Strength (CIa.v )

g
Rut Depth (Zg)

’ In addition to the variables mentioned above, complete sets of tire

data including such items as measured rigid surface contact area (A), and
footprint length (f) were taken for both tires. Soil strength data including
density, moisture content, and cone index values were obtained periodically ‘
during the testing. The instantaneous soil sinkage (Z) can be determined 1

using the measured values of axle movement and rut depth,

Test Equipment ]

All braked wheel validation tests in this program were conducted at
the U, S. Army Waterways Experiment Station (WES), Vicksburg, 4
Mississippi, at the model wheel facility of the Mobility and Environmental
Division between the dates of April 14, 1971 and May 12, 1971. WES
modified their basic dynamometer slightly during the program to accomplish
the tests. Initially, the tests were to be of a programmed slip type, but
the equipment that was to apply the braking torque to the tire was not
capable of completely stopping the tire from rolling. As a consequence

of this, the test procedure was modified slightly, in that the slip (braking) ‘

{
Y
3
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b TABLE II
| BRAKED WHEEL VERIFICATION PROGRAM - CLAY
7:00-6, Type III tire ‘
| 8:50-10, Type II tire
S —— e
P Tire Deflec- Vertical Forward Soil Strength, :
k Tire tion, % Load, lbs. Velocity, fps (Clav ) |
) (d") (P) (V) g ,
‘ 7:0046 35 900 5 40 v
7:00-6 35 900 10 40 1
7:00-6 35 900 20 40 l
7:00-6 42 1100 5 40 ‘
b 7:00-~6 42 1100 10 40
7:00-6 42 1100 20 40
8:50-10 35 1500 5 40 i
8:50-~10 35 1500 10 49
8:50-10 35 1500 20 4y
8:50-~10 42 1700 5 40 ‘
8:50-10 42 1700 10 40
8:50-10 42 1700 20 40
&
| .
|
|
|
| ;
:
8 i
{
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TABLE III
BRAKED WHEEL VERIFICATION PROGRAM - SAND

7:00-6, Type Il tire
8:50-10, Type III tire

Tire Deflec- Vertical Forward Soil Strength,

Tire tion, % Load, lbs. Velocity, fps (C1 )

(@" (P) (Va) ave
7:00-6 35 400 5 40
7:00-6 35 400 10 40
7:00-6 35 400 20 40
7:00-6 42 450 5 40
7:00-6 42 450 10 40
7:00-6 42 450 20 40
8:50-10 35 600 5 40
8:50-10 35 600 10 40
8:50-10 35 600 20 40
8:50-10 35 1000 5 40
8:50-10 35 1000 10 40
8:50-10 35 1000 20 4n
8:50-10 42 700 5 40
8:50-10 42 700 10 40
8:50-10 42 700 20 40

R . e R R T R R B N T

?wmmm.n w e
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is not a linearly increasing function along the test track. Figure 3

shows the dynamometer with the 8:50 x 10 tire mounted.

Test Tires

As mentioned above, two previously used tires were chosen for
this test program. The tires were the 7:00-6, 6 PR Type III and the
8:50-10, 8 PR Type IlI, The tire geometry data for these two tires
can be found in Table IV.

Soil Tests and Preparation

The two soil types chosen for these braking tests were buckshot
clay and mortar sand, both of which were used in the previous multiwheel
and single wheel testing programs. Two purposes were fulfilled by the
soil tests conducted, first to insure an accurate description of the test
soil and its uniformity, second to allow possible correlation to other tire
soil interaction theories by collecting an optimum amount of information
describing the soil. The soil tests that were conducted are moisture and
density determination, mobility cone penetration resistance (CI), and
the California Bearing Ratio (CBR). A complete description f each soil
test is given in Appendix I. The summary of the correlation data taken
to relate CBR and CIavg is presented in Table V. The summary of the

moisture-density determination is in Table VI.

Test Results - Buckshot Clay

The finalized test results for the 21 tests run in buckshot clay are
presentcd in Tables 16 through 36 which are presented in Appendix II. The
data presented represent average values of the measured quantities, as
obtained by plotting the test parameters versus the test bed length and
then reading off the values of load, tire drag, sinkage, and braking torque
for even values of slip. A typical plot from one of the clay tests is shown
in Figure 4. As can be seen in tuis figure, the slin was continually varied

throughout the test in order to study the variation in braking drag with slip.
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Soil Type

Buckshot Clay
Mortar Sand

Soil Type

Buckshot Clay
Mortar Sand

TABLE YV
TEST BED SOIL CONDITIONS

Design Soil Strength CIavg

CI (0" to 6) 0" to 6t CBRg g CBRy
avg
40 38.9 1.13 9.88
40 43.9 1. 86 1. 48
TABLE VI

MOISTURE-DENSITY DATA SUMMARY

Average Conditions
Design Soil Strength Dry Density Moisture Content

1t "
CIavg (0!t to 6') Y4 (pcf) w (%)
40 77.5 41.9
40 100. 4 less than 1.0
13
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All the tests were run with the slip varying from approximately 10% to 100%
(100% slip is a fully braked tire). All tests did not reach 100% slip. This

r A

was accomplished by holding the carriage speed constant while reducing
the peripheral tire velocity during each test run. The CI value given in

the tables in Appendix II represents the average value of five before-traffic
tests and is given as the average penetration resistance over the first six
inches of soil profile in psi. The sinkage values reported were arrived at
through empirical relationships relating tire sinkage to both rut depth and
axle movement. Soil strength measurements made in the tire ruts after

each test are included in Appendix I.

Test Results - Mortar Sand

The finalized test results for the 19 tests run in mortar sand are
presented in Tables 37 through 55 which are presented in Appendix II. As
with the clay data, the values given in these tables for the various parameters
were obtained by plotting the test parameters versus the test bed length and
reading the values of ;oad, tire drag, sinkage, and braking torque for even
values of slip. Each test was a variable slip test, where the tire started
at zero slip (free rolling) and was braked to a value of 100% slip (fully
braked). All tests did not reach 100% slip. The soil strength of each test
section was measured by five cone penetration tests before the test run,
and the average penetration resistance over the first six inches of soil
profile is presented. The sinkage values reported were arrived at through
empirical relationships between tire sinkage and both rut depth and axle
movement. Soil strength measurements made in the tire ruts after each
test are included in Appendix I. These results of the Braking Verification
Tests are used in the next section to further develop braking analysis
equations suitable for predicting braked tire on soil drag ratios (braking

coefficients).

B. BRAKING ANALYSIS EQUATIONS

(1,

2 < s .
Previous investigations ) have indicated that in both sands and

clays, the total drag resistance (Rp) on a braked tire is a function of two

15
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components:

Rp =Rp +R., (1)

the horizontal soil resistance to forward motion, exclusive of soil shear
resistance, during braking (RR), plus the horizontal componert (RT) of the
net shearing force resistance (T) between the tire anl tL: soil as a function
of slip. Figure 5 shows the forces and interface conditions for such a

(1, 2)

braked tire. It was shown during these prelimirary investigations that

the RR term was independent of slip and could be determined from a rolling

resistance formula as a function of sinkage,

Rp

5 = f(Z/D) (2)

The RT term however is a function of both slip and sinkage, and a relation-
ship between RT and various tire parameters including slip and sinkage

were determined semi-analytically based on experimental data which existed

at that time (1970).

Summary of Previous Braking Analysis Equations - Cohesive Soiis

Using this braking theory, the following preliminary braking prediction
equation for cohesive soil was developed using data developed by WES(IZ)
and compared to data produced by Lockheed(3) prior .o the testing program

described in this report.

RB RR RT K CIav 'Dz 1/2
- + P - 3.85 (zZ/D) +-—-——-g-—~P (Z/D) " "u(S) (3)
_ .S \1/2
where y(S) = (—_100 » and
D = tire outside diameter S = percent tire slip

Z = instantaneous soil sinkage P = vertical load

K=0.11 CIavg = average cone index over 0-6'" depth

16
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Rp

= horizontal velocity of axle T! = braking torque

= peripheral speed of wheel RR = forward motion soil drag

= ingtantaneous soil sinkage Ps = vertical soil reaction

= angle defining plane of contact T =tangential shear force

= vertical load I;Z =length of equivalent plane
of contact

= braking drag

Vv
S = percent negative slip (braking) = (—‘-/.Y!- - 1) x 100
a

Figure5. Braked Tire/Soil Interface Conditions
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The RR term was developed from rolling tire data for clay type soils as
(2)
d'.

previously reporte The R, term was developed from the horizontal

T
component of tangential force (T) shown in Figure 5. The tangential force

is calculated based on the Coulomb theory for shear force at an interface

as
T=A, (c + 0 tang) W(S) (4)

where

AZ = area of equivalent plane of contact at sinkage Z

c = soil cohesion

G = effective normal stress

¢ = angle of internal friction of soil

(S) = nonlinear function of slip.

The horizontal component of T is given by

Ry = A, (c + 0 tang) Y(S) cose (5)
where
- 27 -
0=90° - [sin” (1 - 2&) + 3 cos™1(1 - 242 1
D 2 DZ

where £ = tire footpring length (rigid surface). Knowing that £ = 0,45D for
most aircraft tires, Figure 6 was developed which gives §as a function of
Z/D. For cohesive soils, the tan¢ is zero and the cohesion, ¢, can be
replaced by the average cone index, CIa.vg' Assuming that the equivalent
contact area A_ is a function of the tire diameter squared and the sinkage

Z
ratio, (Z/D), RT was shown to be represented as follows:

R. =K- CI- D° - (z/p)}/?

T « 4(S) - cos® (6)

where

K = constant.

‘A.‘-..—‘A‘_.‘ [ R .



- v ————

" R

T T e

G uonenby ut as] 10§ A/Z °SA § ‘I1deIUOD JO dueld Fuweq d7duy 9 axndt g

saaxdap ‘g -
0¥ 0¢ 0¢ 01 1
i LI I T _ |
—
—t- a
0
5
=
»
aw
o
5 -
= )
o
N L |
4z 2 _
8
-
X
— m. ‘ ,

i

— e e — . o — - - s - "




It was further assumed that 6 was relativei, small (cosf ~ 1.0) and cos®
was dropped frem the prediction equation which results in the form given

in Equation (3).

Analysis of Braking Verification Tests - Clay Soil

In order to further study the empirical constant, K, contained in the

L RT term in Equation (6), Figure 7 was developed which shows a plot of the
4

experimentally determined R,, component of the braking drag divided by

z

the numeric, [CI- DZ-(Z/D)I/ cos@], versus slip as taken from the results

14 4

of the Braking Verification Tests., RT was determined by subtracting the
rolling drag, RR' from the total measured braking drag. This was

accomplished by calculating R_ as a function of Z/D based on single wheel

rolling tests previously conducied on buckshot clay by UDRI(Z). As can

be seen from Figure 7 the limiting value reached by RT/CI- D2~ (Z/D)llzcose

’ depends somewhat on the forward speed but in general is less than the K
value of 0. 11 previously established and given in Equation (3). Although

coefficients could be selected for each forward speed, a K value of 0. 08 would

seem appropriate in representing an average response over the 5 fps to

20 fps speed range for higher percent slips.

The results of the Braking Verification Tests were also used to
further study the rate of growth of the RT term as determined by plotting
the value of RT at each slip divided by (RT)max versus percent slip as
shown in Figure 8. Keeping the simple form of u(S) given in Equation (3)
in mind, Figure 8 indicates that the growth of RT is faster than that
i previously indicated, and the revised function which is applicable for

negative slip rates greater than approximately 15% can 1. given as:

_ ¢S ,1/3
u(s) = (-—-100) (7)
i where
K = constant.
20 _
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Based on this analysis of the verification tests, the braking

prediction equatioa for buckshot clay would take the form:

B R T

2
- + = = (/D) +0.08CI D

P

(Z/D) l/2;,1(S)cose

for 5 fps < Velocity < 20 fps and 0.01sZ/D<0.10

where

f(Z/D) = % for buckshot clay (see Reference 2)

us) = (55"

Note that the cos@ has been retained here for completeness.

Using Equation (8), the predicted braking drag ratio was compared to

the actual measured data as shown in Figure 9. Reference to Figure 9

indicates an approximate +£10% scatter waich is due to: (a) the use of an

average K over a velocity range. and (b) the use of a slip function, u(S),

only approximately describes the rate of growth of the Ry term for the

5 fps to 20 fps velocity range. No information is currently available

defining the slip function for speeds greater than 20 fps.

Equation (8) can only be used if the braked sinkage can be calculated.

One preliminary method of braked sinkage prediction is to consider the

braked sinkage as a function of the free rolling sinkage. From a review

of all existing braking data, including WES, Lockheed, and UDRI (see

Appendix II), the maximum braked sinkage is between 1.5 and 3 times larger

than the free rolling sinkage. Therefore, as an approximation, the braked

drag can be calculated from the above equation assuming that

23
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(zBraked fax 2.5 ZRolling ’ (9)

The torque measurement results for the braked tire tests on clay are

———— v ——

represented by the curves presented in Figure 10, No torque prediction

theory has been developed, however, it is interesting to note that the torque

required to brake a tire on scil increases rapidly for low slip values, and <
reaches its maximum value at between 25 and 50% slip as compared to the

braking drag which continuously increases throughout the entire slip range.

As seen in Figure 10 the trend is for the torque to reach its maximum value 1

at or about 50% slip and then to remain constant or decrease in value as

A

T

the slip increases. The relationship between torque and velocity for the ‘
clay braking tests is seen in Figure 11, where the average torque for
35% and 42% deflection at 90% slip for each tire is plotted versus velocity.

The torque requirement increases slightly with velocity.

L Summary of Previous Braking Analysis Equations - Cohesionless Soils

The following preliminary braking prediction for cchesionless soil |

)

was developed using data from WES(12 and compared to data produced by I

Lockheed(3) prior to the testing program. i

R. R. R 2 1
B R T ab
= =5 tp =0.048 + 2.7%(Z/D) + ) H(S) (10)
where j
. Q’=P/A1 K =29
: IIIRTE 1 ‘
. WS) = (755 ’ i

Ay e

and A = rigid surface tire contact area.

na

The RR term was developed from rolling tire data for sand type soils as

previously reported. The RT term is the horizontal component of the

-

tangential force (see Equation (4)) at the tire soil interface and is given by

{»‘%{;ép{‘i‘z’ﬁfw{%ﬂf L gty o

-£F
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Rp.=A, (c+ otand) W(S) cose . (11)

In the cohesionless soils, the cohesive term, c¢, in this equation is
zero. Replacing 0 by o = P/A, where A ic the rigid surface tire contact

area, and Az by [D% (Z/D)™], Equation (11) can be written as,

Rp

—5——— =« tanp - U(S) + cos@ (12)
D“(z/D)"

Initial analysis of sand data(l) developed from data in the 0 fps to

5 ips velocity range, indicated that RT was only a weak function of Z/D

and was therefore deleted from the above equation. It was further observed

during braking in sand, that considerable sand flow takes place not only at

the tire soil interface but also ahead of the tire. Based on this observation,

it can be reasoned that the RT term might very well be independent of the

initial soil strength since the sand disturbance and flow very likely causes

the shearing strength to be determined by some large deformation equilibrium

void ratio condition rather than the initial strength. Therefore a preliminary

relationship developed from Equation (12) and the WES braking data
found to be

(1) was

2
oD
RT = Kl 1(S) cosd (13)
where Kl = constant for sand.

It was assumed that 8 was relatively small (cos6= 1.0) and cost was

dropped from the prediction equation which results in the form given in
Equation (i0).

Analysis of Braking Verification Tests - Sand Soil

Reference to Table III and Table IV indicates that for the braking tests
conducted in sand that DZ/A was approximately constant for all the tests

(both 7:00-6 and 8:50-10 tires). Additionally the Z/D's for each test

28
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resulted in cos@'s which were approximately equal. For the sand braking

tests at S = 100%, Equation (13) can be written as

R 2

T D
P “Ak, ©°%° (14)
1

H

which implies that their RT/P values should also be approximate'y equal.
Table VII shows this R'I'/P comparison at each velocity for the 7:00-6 and
8:50-10 tires for sand soil. RT was determined by subtracting RR’
determined as a function of sinkage for mortar sand, from the actual

measured braked drag.

TABLE VII
R_/P COMPARISON, SAND BRAKING TESTS
vel:;?ty 7-0R0T6/ 1;ire 8-1:: /11:) Tire
[FPS] ’ e
5 0. 45, 0.52 0.50, 0.45
10 0.58, 0.59 0.61, 0.58, 0.56
20 0.77, 0.74 0.79, 0. 74, 0. 74, 0. 72

A review of the above table indicates a definite trend in RT/P with velocity.
The R,_,/P term increases with increasing velocity which indicates that

T

DZ/AKl is not the same for all velocities. Therefore, K1 must vary with

velocity in sand.

In order to establish a velocity constant for each velocity, the
measured R_, values were plotted versus the predicted RT values using the
previously established Kl = 29 (see Equation (10)), as shown in Figure 12,
13, and 14 for velc :ity ranges of 5, 10, and 20 fps. Using a best fit line
through the plotted data, a correction was applied to the constant Kl to
account for the variation in predictions for each velocity range. The

adjusted values for K, are presented in Table VIIIL.
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TABLE VIII

VELOCITY CONSTANT FOR SAND
BRAKING TESTS b

Velocity, V, (fps) K1 Value

L 5 15
10 12 4
15 9

o .

The variation of R /RT for sand was also examined based on
T max
the results of the verification tests and the result is given in Figure 15.
Figure 15 shows some scatter of the data by forward velocity but in general
indicates that for slips greater than about 15%, the relationship
S .1/2

W) = (750! (13) _
A

adequately describes the variation of RT with percent slip.

|
Using the verification test data analysis, the braking prediction !

equation for the mortar sand would take the form

B_ R, Rr_ an’
= to = f(Z/D) + P K(S) cos6 (16,

Y 1
! for 5 fps < Velocity < 20 fps and 0.01<Z/D<0, 10

g R. R. R 2 {
!

where
Ky
f(Z/D) = R/P for mortar sand (see Reference 2), and

1
* us) = o) /2 .

= function of velocity (see Table VIII)

Equation (16) was then used to predict the braked tire drag ratio

R USRI WU S

and compared to the measured braked tire drag ratio as shown in Figure 16.

L k.
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The scatter in the data is attributed primarily to the use of the approximate

expression for W(S) for the entire velocity range of 5 fps to 20 fps.

As for cohesive soils, no torque prediction equation has been

developed, since however the RR portion of R, is the resistance to forward

motion and would be present even if no braking torque were applied, the

RT components in the force relationship acting on the wheel is the force

which balances

the applied torque in a steady state braking condition,

That is:

T/(torque) = moment arm X R
For sand tne RT relationship is given by

T D (17)

which is a constant for a given velocity range in the verification test data.

The torque would then be given by

T'= moment arm x (P x constant) .

e tire diame'ler

If it is assumed that the moment arm is proportional to th

{= KZD), then the torque becomes

T'= (KZD) (P x constant) = constant X PD.

ndicates that the braking torque for tires in

Reference to this equation i
product of the vertical tire load (P) and

sand would vary linearly with the
the tire diameter (D). Table IX shows th
for the 7:00-6 and the 8:50-10 tires for the verifi

e results of such a comparison

cation tests and indicates

that such a relationship is approximately valid.
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TABLE IX

COMPARATIVE TORQUE (AT 90% SLIP) SUMMARY,
SAND TESTS

— —y—— v ——

Predicted Measured
Velocity, (Mg.50-10_ P *Pg.50.1¢ (Mg.50.10
[ Vo (ps) (T7.00-6 P*D)7.90_7 (T)7.00-6
T 5 2.16 2.23 :
L 10 2.17 2.39 §
: 20 2.20 2.26

.

Figure 17 shows the variation of the torque reguired for braking

] in sand as influenced by the percent slip. Unlike braking in clay, the

torque requirements in sand continually increase throughout the <lip

b range. The influence of forward velocity on the braking torque require-
ments in sand is examined in Figure 18 which shows some increase in

braking torque as the forward velocity of the wheel increases. -

As for clays, the resulting drag ratios for braked tires in sand
can only be predicted if the instantaneous braked sinkage is known.
Unlike clays, however, the ratio of the braked sinkage (zmax at S = 100%) 1
to rolling sinkage (ZR at S = 0%) ranges from approximately 4 to 15
i for sand type of soils. On the basis that the fully braked sinkages are
controlled by the resulting large deformation soil strength, it is logical
to expect the ratio of Zmax/ZR will be in the upper range {approximately

) 8 to 15) for high vatues of o/Cl___, while Z /Z_ will be in the lower ‘
avg max

R
range (4 to 10) for low values of o-/CIavg. This trend in the variation of
1
Zmax/ ZR was noted previously in the analysis of WES's braking datal*), ‘

While the results of the Braking Verification Tests do not confirm the A
absolute numbers previously established( l), the trend in the data was

confirmed.
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C. ANALYTICAL BRAKING ANALYSIS (LUMPED PARAMETER

TECHNIQUE)

This section contains a description of the analytical/numerical approach
utilized to approximate the sinkage of a braked aircraft tire into a soil runway.
The approach used is not the same as was originally proposed due to accuracy
difficulties which were encountered. Originally it was intended to use a
finite element mathematical model based on the Reissner energy formulation
of deformable solids. This approach was programmed and tested on a
completely elastic problem for which the solution is known, The stress
results obtained with this program compared quite favorably with the known
stress; howev~r, the displacements were considerably in error. Since
displacernents (sinkages) are of greatest importance for this project it was
decided to ibandon (temporarily at least) the originally proposed approach.
Therefore, the analytical/numerical approach which was utilized is the
lumped parameter iteration approach which has proved to be successful for

other aspects of this program.

Problem Definition

The idealized problem which was considered is defined below by listing
the assumptions which were made and discussing the loading, region of

solution, and boundary conditions.

Assumptions

~ A single wheel is in contact with the sample of soil under consider-

ation.

= Only vertical loading and horizontal shear loading are applied to the

soil surface.

= The deformation of the soil material due to the loading considered
results in a state of plane strain; thus, the problem is considered to be

two-dimensional.

40
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Loading

Figure 19 shows the portion of the soil surface which is loaded by a
uniform vertical pressure, P and a uniform shear distribution, P, The
indicated loading is intended to represent the effective loading applied by an

aircraft tire during braking.

Region of Solution

The loading shown in Figure 19 is applied to a soil surface which is
infinite in length and depth. In order to obtain a solution by numerical
means, the extent of the region affected by the loads must be restricted to be
finite. Figure 20 shows the region of the soil medium considered in the
computations. The dimensions of the considered region were selected such
that the applied loading has negligible effect on the displacements at the

extremities of the region.

Boundary Conditions

- Under the applied loads the normal stress is equal to the applied

vertical pressure and the shear stress is equal to the applied shear stress.

- The shear and normal stresses are zero on the remainder of the
soil surface.
- The displacements are zero on the artificial boundaries which limit

the extent of the soil medium (Figure 20).

Mathematical Model

As in the cases in which the lumped parameter approach was used
previously to model tire/soil interaction, the soil medium was taken to be
elastic-perfectly plastic with the elastic deformations governed by Hooke's
law, the plastic deformations governed by an incremental stress-strain
relation based on the normality flow rule, and the plastic yielding governed
by the Drucker-Prager yield criterion. The soil parameters of the model

consist of the elastic Young's modulus, the cohesion and the friction angle.




SOIL

A= tire/scil contact length

p,=uniform vertical pressure

p, =uniform shear distribution

Figure 19. Simulated Loading During Braking

Pn .
‘f_‘f_’iif/,-/_p:—/_so” surface

- % [ )
Pr=UNIFORM VERTICAL PI'IESSURE
P; <UNIFORM SHEAR DISTRIBUTION

everal tire
diameters

— S

[——several tire diameters——————|

Figure 20. Region of Solution
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The vertical pressure~time curve is shown in Figure 21; this is the

same pressure pulse used previously. For the case in which braking effects

are present, the horizontal shear loading (Figure 19) is taken to have the

same time variation as the vertical load (Figure 21) and the magnitude of the

shear load is expressed as a percentage of the vertical pressure,

The soil region shown in Figure 20 was modeled by the lumped

parameter technique (see Figure 22) wused previously to solve the single-

wheel, vertical pulse loading problem(z) and the multiwheel and tandem wheel

problems 1’13). The reader is referred to References 1 and 2 for a detailed
description of the lumped parameter approach. The mathematical relations,
which govern the behavior of the lumped parameter model of a soil medium

subjected to surface loading, are summarized in Appendix III.

Computer Program and Results

A FORTRAN IV computer program has been written to implement the
braked-wheel/soil-interaction mathematical model on the CDC 6600 computer
at Wright-Patterson Air Force Base. The program computes the instantaneous
sinkage of a simulated, braked aircraft tire into a soil runway. To date,
only one braked condition has been processed with this program. Therefore,

a detailed description of the program (FORTRAN IV source deck listing,

input data instructions, output irterpretation, etc.) is being deferred until
sinkages have been predicted for a range of braking conditions. When the
complete series of data have been processed,a separate report will be
submitted. This report will contain a complete discussion of the analytical

braking analysis, the computer program and the results, and will be entitled

"Braked Wheel Sinkage Prediction Technique and Computer Program."

The results of the single condition, on cohesive soil, which has been pro-
cessed with the braked wheel sinkage prediction computer program are pre-
sented in this section. The particular braking condition considered was the
case when the horizontal shear load applied to the soil surface is 25% of the

applied vertical normal pressure. All other parameters were taken to be
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the same as those uiiiized .n the multiwheel solutions so that comparisons

could be made. In particular, the various computational parameters are; 4
b Soil Parameters: :
f Density o = 130 lb/cu. ft.
Poisson's Ratio v =0.45 )
1 Young's Modulus E = 8950 psi
p Cohesion c = 2000 psf y
Friction Angle ¢ = 150 '1
? Shear Yield Stress k = 2440 psf ;
{This set of soil parameters corresponds approxi- <4
mately to a clay soil with CBR = 8-10.) !
} Load Parameters:
Tire Footprint Length £ =12.01in ‘
' Peak Surface Pressure Pax = 24600 psf
Pulse Duration ty = 0.05 sec
Load Ratio (shear to normal) g =0.25 .
Computational Parameters:
Time Increment At =6.25 x 10-5 sec
Space Mesh Size h=3.0in 1
No. Width Mesh Points M'= 47
] No. Depth Mesh Points N'= 27 ‘
Figures 23, 24, and 25 summarize the results obtained using the braked
P‘ wheel sinkage prediction computer prograrn for the case when the braking .
i shear stress is 25% of the vertical pressure load. Figure 23 shows the ‘
vertical deflection of the soil surface at three isolated times during the !
appli-~ation of the load pulse shown in Figure 21; Figure 24 shows the |
horizontal displacement of the soil surface at three particular times; and |
; Figure 25 traces the complete time history of the vertical deflections of 1
Stations 23, 24, 25, and 28. !
:
1
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The sinkage profile under the loaded region (Stations 22-26) did uot

appear too realistic at first glance since that is not what one would expect

o —y— e

if a metal plate were subjected to the same loading. However, it muvst be

realized that a metal plate is very stiff and would resist such a deformation,

whereas the idealized problem considered actually corresponds to the case

g

when the loading is transmitted to the soil through a thin flexible membrane

e

since the soil surface is completely free to deformm. When this is taken into )

L consideration it is not too difficult to imagine the displacement profile shown 1
] under the applied loading in Figure 23, Figure 23 also indicates that there

is a substantial build-up of soil immediately in front of the braked tire;

-

this certainly is an expected phenomenon.

Figure 24, the plot of horizontal displacements, is not particularly
illuminating since the horizontal displacement distribution is difficult to
visualize. Reference to Figure 24 indicates that the greatest horizontal dis-
placement occurs directly under the loaded region and directly under the soil
build=up in front of the loaded region. Other points of the soil surface o

experience very little horizontal displacement.

Figure 25 shows clearly the *'rebound effect” which occurs under the ‘
loaded region (Stations 23, 24, 25); that is, as time increases the vertical 1

displacement first grows to a maximum value and then diminishes until a

permanent steady state sinkage is attained. Figure 25 also shows the vertical |
# displacement time history of Station 28, the point at which maximum build-up ‘
) of soil occurs in front of the loaded region. For small times, this point

behaves as though no braking were present (the displacement of this point

is in the same direction as the points under the load for small times) and

then pile-up begins. The upward dispiacement of Station 28 also increases

to a maximum value, but instead of decreasing to a steady state value, it F
increases further until steady state is resached. Apparently, the rebounding

of the soil under the load causzes additional pile-up of soil in front of the

loaded region., i
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‘ The maximum and permanent sinkiges (or build-up) of Stations
} 23, 24, 25, and 28 are as follows:
‘F Station 23 7 =0.59"
perm
z ax =0.57¢
! Station 24 % =0.35"
perm
p
{ Zmax =0.75"
L Station 25 z ~0.55"
N perm
Zmax =0.72" |
Station 28 % z =0.76"
perm
The results indicate that the maximum sinkage and the maximum soil
build-up are about the same magnitude, while the permanent build-up is

greater than the permanent sinkage. Also, the maximum sinkage obtained

for a single wheel without braking under similar conditions is about 0.5";

that is, (2 ) > (Z ) . The ratio of (Z ) to
maxX praked maX ynbraked max praked
(Z for this case is 1.5+ which compares to the range of 1.5
maX ynbraked

to 3.0 for cohesive soils from the Braking Verification Tests previously
described,

The total computer run time to compute the permanent steady state
sinkage by incrementing the load to its maximum value and then completely

)
removing it was approximately 37 minutes.

3
D. BRAKING SUMMARY
»3,12
The results of the previous braking studies(:l 3.12)

Verification Tests, and the analytical study of braked tire/soil interaction

» the Braking

now permit the establishment on a preliminary basis the following braked

tire drag ratio prediction equations. The value of K = 0.09 as given for

Equation (18) was selected based not only on the results of the Braking
{13)
d .

Verification T:sts but also on the previous work of WES( 12) and Lockhee
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Cohesive Soil

B.lm L tr g2, xa ETR
RP P P D P b 100
where
Z = braked tire sinkage, K = 0. 09
and
z (S =100%)
m;;(s:o%) ~2.0t02.5
and
2 knots s Forward Velocity < 15 knots,
and

Z
= <
0.01 = D 0.20

Cohesionless Soil

- W S S NS B
P P P : * ’ KIP 100)

where

Z = braked tire sinkage

and
Zmax (s,: i ~ 8 to 15 for ——— high
zZ, (5=0%) S
“max O 100%) 4 to 10 for =3— low
ZR (5=0%) - CIavg
and
K1 = 15 for Velocity =2 knots
K1 = 12 for Velocity ~6 knots
K1 = 9 for Velocity =~ 12 knots
and

Z
S - 5
0.01 ) 0.20

1/3

(18)

(19)




It should be recognized that the braked tire drag ratio prediction equations

are based primarily on experimental braking tests conducted to date (1971)
which includes only a limited range of tire diameters, tire loads, soil

0 types, forward speed, etc. They can be used, however, to provide pre-
liminary estimates of braking drag ratios within the stated range of limita-

tions and to conduct comparative studies of braking efficiency for various

1 tire parameters.
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SECTION III
MULTIPASS AND SPEED - PRELIMINARY

A, MULTIPASS

Efficient and effective use of forward area airfields by the Air Force

depends upon the development of a multipass criteria which will specify the

useful life of these runways. The two areas of importance associated with

multipass operations are runway deterioration {(roughness) and aircraft
drag load. A thorough review of the existing multipass flotation perfor-

mance on soil runways has been completed, and the following presents

the results of this review,

Existing Multipass Data

The major portion of the existing data was developed by the U, S.

Army Waterways Experiment Station(s) for the purpose of updating the

multipass design criteria for the C-5A aircraft. One of the major diffi-

culties of previous multipass testing was the inability to discern consistent

trends from the resulting data. This inability is partially attributable to

the test programs lacking duplicate testing procedures to verify accuracy.
Additionally many of the data sources were not specifically designed to
generate multipass flotation criteria as such, and therefore, many times

did not adequately describe iimportant flotation parameters necessary

for an analysis. Other sources of multipass data are the following:

C-122 Flotation Test Program( 14); Douglas Aircraft Company research;

15,1 .
Waterways Experiment Station msearch( 6); a combined research

effort of WES and Boeing Aircraft Company( 4 ); C-141 Flight Test
(17)

Program ; and finally, research conducted by I. C. Holm(ls) All of

the above data was collected on cohesive type soils with the exception of
the C-141 program, and some of the WES data by Nuttal which were test
programs using tires on cohesionless soil. Only the WES-C-5A program

and the Douglas tests were conducted for large numbers of multiple passes,
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usually determined by some preset failure condition. The test variables
for all this data varies considerably, from small-scale model tests in

the WES programs to the full size flight testing of the C-122 and C-141.

A wide range of tire sizes, soil strengths, and types of testing (small
model, full scale model, actual prototype) were conducted. Unfortunately,
the tests were not conducted in such a manner as to evaluate the important
multipass variables, and therefore, do not represent a collection of data

sufficient to develop a complete multipass analysis.

Multipass Flotation Analysis

1t should be pointed out that as the data described above was being
collected, the researchers,in many cases, were lacking considerable
information concerning the important multipass flotation variables.
Additionally, the various definitions of several important variables, such
as sinkage and rut depth, were not clearly understood. In fact, sinkages

and rut depth were taken to be one in the same by many researchers. An

additional area of concern was the method of applying multipass operations.

Some investigators felt that each pass of a test tire had to be in the
previous tire's rut, while others tried to distribute the passes over some
finite width of the test track. As a consequence of the above mentioned

difficulties, the following analysis will only be able to indicate trends in

the existing data.

Cohesive Type Soil

Shown in Table X is a summary of the trends in the multipass data
that have been accumulated to date. It is evident that in each test series,
independent of the method of rut depth determination, that the accumulated
rut depth increased at a decreasing rate for increasing coverages. This
is particularly true of the test series where the subsequent passes of the
test vehicle or carriage were distributed over a general area rather
than in the exact same rut each time. The increase in rut depth per pass

after the first pass in all cases was less then the first pass rut depth,
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yet the tests by WES, WES-Boeing, and Holm indicated only a very slight
decrease in the rate of ruttingafter the second pass. In the tests where
the subsequent passes of the tire were distributed to obtain some type of
coverage pattern, the soil surface was being releveled by the multipass
operations and the results are predictable. Again note that the definition
of rut depth varied considerably, and therefore much of the quoted data is
subject to possible improper interpretation. Using this data, however, 1
Figure 26 was developed to indicate the trend in the accumulative rut depth
with increasing passes. (Note: In tests where coverages were given 1
instead of passes, coverages were assumed to equal passes.) As would be
expected, the data scatter for such a plot was progressively larger for
increasing passes. It should be noted that the number of data points which
contributed to the curve shown in Figure 26 was not equal from each test
program (see Table X), therefore each test program was not equally
weighted. The previous results were based on a limited amount of data

and should be viewed as preliminary.

The trends in the multipass drag data are a little harder to define.

However, when considering the Douglas, WES-Boeing, and Holm data, it
is noted that the multipass drag decreases while the soil strength increases.
It appears, therefore, that the multipass drag is a2 function of the change

or lack of change in strength of the soil surface for clay type soils.

Cohesioiless Type Soil

ek At

The caly two sources of multipass data on sand are the WES-Boeing a
i program znd the report by Nuttal. Both clearly indicate that the multipass

drag in sand will be less than the first pass drag, and that incremental

sinkage also decreases if the soil strength does not change. The soil

I "

strength change, however, is probably a function of the critical void ratio

* in sand. That is, sand type soils tend to reach an equilibrium soil strengths
when subjected to large deformations. Therefore, a normal loose sand would

beccme stronger after the first pass, and a dense sand would weaken.
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Therefore, as in clay, the multipass drag is probably a function of the

soil strength change, or lack of it.

Multipass Flotation Criteria

The criteria currently used by the Air Force which was developed by

the U.S. Army Waterways Experiment Station(lg)

, specifies multipass
operations in terms of coverages, where a coverage is defined as sufficient
passes of tires in adjacent tire paths to completely cover a given width of
runway area one time. However, even though this procedure is the
accepted standard, it is generally conceded that it needs considerable

improvement. One of the difficulties with this current procedure is the

somewhat arbitrary nature of its development. In order to specify coverages

for an aircraft, a runway failure criteria and a given runway width must
be sp.:cified. Both of these factors are given set values in the Air Force
procedure and are not related to specific aircraft. The runway failure
c.iteria is set at 3 inches of permanent rut depth or 1.5 inches of elastic
sinkage, and the runway width in which 75% of the aircraft passes must

be performed is given as 80 inches plus the width of one main gear bogie.
This procedure also ignores the differences in the performance charac-
teristics of twin and tandem tire arrangements does not consider the effects
of speed and braking and has only a limited criteria for sand type soils.

In general, the current criteria generates an unreasonable number of
coverages for some aircraft, and lacks any ground roughness criteria.

In reviewing the multipass data and criteria, it was observed that the
present multipass criteria was developed by heavily relying on engineering
judgement and past experience with multipass flexible pavement criteria,
and it is difficult therefore to define the accuracy of the current multipass
criteria. Also it is evident that a new and more meaningful multipass

criteria cannot be developed without further experimental work.

Based on the above study, an effort to define aircraft flotation and
multipass performance in terms of ground vehicle performance has been

proposed, This method is based on the theory that aircraft first pass
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performance can be predicted by developing a relationship between first
pass ground vehicle rut depth and soil strength. Based on the ground
vehicle rut depth, the aircraft performance can be predicted for the first
landing and takeoff. Subsequent operation prediction would then be made
based on the observations (rut depths) of the first aircraft operation.
This experimental program is essential to the development of a more
meaningful multipass criteria which will provide insight into the above
mentioned problems and take into account ground induced vertical and

drag loads.
B. SPEED

Intrcduction and Background

Although aircraft in their takeoff runs go through a large velocity
range (0 to approximately 120 knots), early flotation studies and design
criteria presumed that rolling aircraft tire drag due to sinkage in soil
was a constant throughout the velocity range. In 1964, Boeing( 4) con~
ducted a number of full scale tests designed to observe the influence of
speed on the aircraft rolling drag ratio. These tests were conducted at
Harpers Lake, California on a lean clay. Although these results provided
only preliminary information on speed effects, they were important
since they showed a significant variation of the rolling drag ratio with
speed for aircraft operating on soil runways. More recently the Air
Force again sponsored a series of full scale speed tests conducted by
Lockheed( 3) at the NASA test track, As shown in Figure 27, the results
to date indicate speed has a significant influence on the rolling drag ratio
for low strength soils but oniy small influence for operations on high

strength soil.

Both Boeing( 4) and Lockheed( 3) in attempting to develop a drag
prediction model noted the similarity in the shape of the drag ratio vs.
velocity relationship (see Figure 27) to that observed in tire hydrodynamics

studies on water and proposed the use of the same basic equation:
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4 4

C

R=P (po + tang) +—2D—I prVaZ (20)

where

R = total rolling drag

P = total vertical load
My = coefficient of rolling friction on a rigid surface
tand = Z/ 4

CDI soil inertia drag coefficient (a function of the planing velocity)

b = tire width

and
v, = forward velocity of the tire
% = tire footprint length
p = soil density.

Reference to the above equation indicates that the total drag is made up
of a term which is independent of velocity and a drag term which is a
function of velocity squared (inertia) but is independent of the vertical
load. Based on the normal values of p, b, and Z encountered for aircraft
tires on soil, the inertia drag term normally does not become significant
until the forward velocity reaches 20 to 30 knots.

Comparisons between measured drag and the drag predicted by

(

Equation 20 or its modified form 3) have been less than satisfactery and
have led to the introduction of several empirical coefficients to better
curve fit the experimental data. The primary reason for these poor results
in the comparative studies is that in a high speed rolling drag situation,
four unknowns are present (rolling drag, sinkage, soil inertia drag
coefficient, and planing velocity). Since only one analytical equation

exists (see Equation 20), the other three unknowns must be determined
empirically. Sufficient data is not available to date (1971) to accurately

define these other unknowns.
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Preliminary Speed Analysis

It is generally accepted that at low velocities (0 to approximately
5 knots, Region I velocity range), the viscosity of the soil significantly
influences the magnitude of the sinkage and drag. As previously indicated,
at high speed (greater than 20 to 30 knots, Region III velocity range),
viscous effects no longer predominate but soi. inertia becomes a critical

factor in influencing sinkage and drag. At intermediate velocities d

(Region II velocity range), neither viscosity or soil inertia are important

considerations in defining sinkage and drag. One approach to developing

.

a drag prediction equation including velocity effects would be to recognize ‘

that the sinkage and drag effects are interactive and given by

= - 2
(instantaneous) zRegion i +Azinertia drag AZlift (21) !

(2) |

Existing theory can be used to determine the rinkage in Region II. For

example, Equation 22 gives an approximate drag/sinkage relationship

. A

usable for both sand and clay and is based on the results of numerous tests:

R Z
P - 0.018+3.23(D) (22) 1

Z
f . = <0.
or OOlsD 0.12

Il
where

D = tire diameter

Applying the hydrodynamic equations at the tire soil interface gives a

lift as defined by
2, y

L = pbZV, sin6 cosd (23) ‘

|

and an inertia drag term as given by ]
AR = pbZV,? sin%e (24) 7
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where

0 = angle defining the effective plane of contact at the tire/soil

interface.

T T v

Using Equation 22 as a basic relationship between drag, vertical load, and

sinkage, the increment of sinkage associated with inertia drag becomes

.

=523 |25 oug] 25)

a“ o L

zinertia drag

where 1

P' = total load on the tire minus the lift (L).

L4 4 N e o

» can be determined by using the J

The increment of sinkage, -AZ_ .,
1ift (2)
which are of the f

b previously established sinkage prediction equations
form
Z o
- Y1t (26) ;
avg
where ‘

4 = tire footprint length
C1 and CZ= constants
o= P/A I

] and

] P = vertical load
L]
A = tire contact area

CIavg = average cone index over 0" to 6" depth

which for the incremental case would be given by

G L2
B2 = ACI @7 \
avg 1
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Using the above approach, an interactive computer program was

3
drag for the Lockheed high speed test data( ). The results of one such

- {
written and used to make comparisons between measured drag and predicted 3
comparison is given ji. Figure 28. Other comparisons have been made and 1
the results were equally favorable. These results, which have been
encouraging, indicate that as the velocity increases into Region III, the AZ
due to inertia drag is greater than the -AZ due to lift. As the speed continues

to increase, this relationship is reversed and the sinkage-velocity curve

peaks and begins to decrease with further increases in velocity. The results

P Y -

are viewed as sufficiently promising to warrant further research into the

drag-velocity relationship using the above approach. 1
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} SECTION IV
ADDITIONAL STUDIES IN TIRE/SOIL INTERACTION

A ROLLING TANDEM WHEEL - ANALYTICAL STUDY

(1)

In the report for Pa * One of Phase III of this research program

i an analytical approach for studying the sinkage and drag effect of tandem
r tracking wheels was discussed. In that discussion, the following items

were included: (a) the actual three-dimensional problem of the rolling

4 4

-

tandem-tracking wheels; (b) the two-dimensional plane strain approximation

1 using two moving infinite surface pressure strips (a diagram of the plain

strain problem is shown in Figure 29); (c) the lumped parameter iteration 7

method of solution and the simulation of the moving pressure strips; and ‘

(d) the method of evaluation of the multiwheel effects. The reader is l

referred to References 1 and 20 for complete details. In Appendix III

b the governing equations, figures of the lumped parameter model, and the
numerical procedures are presented without derivations, The detailed

5 development of the equations and the procedures is given in References 2,
21, and 22. The computer program for the numerical procedure and the

results of the test cases will be presented in this section.

B

Computer Program and Test Cases

i A computer program was written based on the governing equatiors
and the numerical procedure given in Appendix Il. A general {low chart
i of the computer program is shown in Figures 30 and 31. A Fortran IV
] . source program listing of the computer program, a sample set of input
data, a list of definitions of symbols, and some remarks about running

the computer program are given in Appendix IV.
Three test cases were run with the computer program. All the
s
cases have the same soil, load, and computational parameters, which are J
listed below. This set of parameters is that of a typical multiwheel

aircraft tire-soil interaction. .

mjﬁﬁ% i nre. M o
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elastic —plastic soil medium

Va= Aircraft Horizontal
Ground Velocity

Nd—[

l = Tire Footprint Length

’ (a) Soil Medium with Moving Strip Pressure ‘
i
P A P = Vertical Tire Load ‘
A = Tire Contact Area (rigid surface) 1
t, = Rise Time
b -'P- o = o 1
A :
'
r * *
= q
L t v:’f |
r

{b) Pressure-Time Curve |

Figure 29. Rolling Tandem-Wheel Interface Boundary Condit. n
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Figure 30. General Flow Chart of Computer Program
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CALCULATE DISPLACEMENTS
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AVERAGE WITH
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CALCULATE DISPLACEMENT ‘
INCREMENTS
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SURROUNDING
STRED>S
POINT

ELASTIC

Y
CIIECK YIELD
INDICATING TALLE

} PLASTIC

CALGULATE SThAIN
INCREMENTS AT TIME t )

CALCULATE NEXT

STRAIN
INCREMENTS
AT TIME t

CHECHh aw

SURROUNDING
STRESS
POINT

LOADING UNLOADING
w=1 8=0

NEXT
MASS
PO

CALCULATE STRESS CALCULATE STRESS
INCREMENTS FROM INCREMENTS FROM
ELASTIC RELATIONS PLASTIC RELATIONS

1

ADD STRESS INCREMENTS
TO STRESSES AT TIME t- At

T

YIELDED CHECK FOR YIELDING
CHANGE YIELD INDICATING
TABLE, IF NECESoARY

CORRECT STRESSES
IF NECESSARY | ———®——————} NOT YIELDED

LAST SURROUNDING NO
STRESS POINT ?

} YES
No
( LasT massPomT> )
‘YES

AW

Incremental work done on the soil medium

o
"

a variable related to the stress invariants

Figure 31, Part of Program for Calculation of Displacements and Stresses
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Soil Parameters:

Density p =130 lb/cu ft
Poisson's Ratio v =0.45
Young's Modulus E = 8950 psi
Cohesion c = 2000 psf
Friction Angle $=15°

Yield Stress in Shear k = 2440 psf

(This set of soil parameters corresponds approximately to a
clay soil with CBR = 8 to 10.)

Load P~rameters:

Tire Footprint Length £ = 18.0 inches

Peak Contact Pressure Prax = 24600 psf

Rise Time of Pressure tr = 0.0075 sec.

Aircraft Ground Velocity Va = 45 knots (approx.)

Tire Outside Diameter D = 42.8 inches
Computational Parameters:

Space Mesh Size h = 4.5 inches

Time Increment t = 0.0001 sec.

Finite Boundary Size Depth = 130"

Width = 130" to 203" depending on
wheel spacing
The only difference between each of the cases is the tandem wheel
spacing. One of the cases corresponds to the single wheel case, m =0
(or m = ®), and the other two cases correspond to tandem tracking wheel
configurations with wheel spacings of 1.05 D and 1.7 D, where D is the
tire carcass outside diameter. In order to minimize the influence of the

finite boundary on the sinkage when the wheel spacings are changed, the

distances between the finite boundaries and the edges of the applied surface

pressure strips are maintained constant by changing the width of the finite

region.
:
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4

Results of Test Cases and Discussions

The results of the single wheel case show the correct sinkage pattern. 1

Shown in Figure 32 is a graph of the vertical deflection of the soil surface

at various times {or stages of travel) plotted against a coordinate, X, which
is stationary with respect to the moving tire.
by curves B and C corresponding to lapse times of 0.015 second and 0.025

second are due to the rapid rise of the applied pressure causing the over-

shoot of deflection.

0.040, 0.050, and 0.060 second show the sinkage trailing behind the applied

pressure strip.

steady state.

ratio of (ZR/L) = 0.013, which is equivalent to a permanent sinkage of

z

Curves E F, and G corresponding to lapse times of

The high sinkage indicated

They also indicate that the sinkage pattern is approaching a

The steadier pattern seems to indicate a permanent sinkage

R> 0. 24 inch, and an instantaneous sinkage ratio of (Z/£) = 0.022, which

. ..

is equivalent to an instantaneous sinkage of Z = 0. 40 inch.

The vertical deflection of the soil surface at various times for the

other two cases, corresponding to

.el spacings of 1.05 D and 1.7 D,

are shown in Figures 33 and 34. The leading and trailing wheels are plotted

on separate graphs so that the same scale as that for the single wheel case 1

(Figure 32), can be retained for comparison purposes.

The abscissa

coordinate is again X, which is stationary with respcct to the moving wheels,

and X is taken to be zero at the center of the leading applied p: essure

strip.

The surface deflection curves corresponding to lapse times earlier

than 0. 040 second are not shown because deflection curves have not reached 4

steady patterns as indicated in the single wheel case.

Observation of the sinkage patterns in Figures 33 and 34 indicates that '

the surface deflection under the leading applied pressure strip is fairly

steady for both cases.

On the contrary, the surface deflection under the

trailing applied pressure strips goes through large fluctuations for both 1

cases. These large fluctuations may be due to the elastic rebound of the

soils rolled over by the leading tire or an elastic wave generated by the
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leading tire and reflected off the bottom finite boundary. A steadier sinkage
pattern could possibly be attained for the trailing tire by running the
computer program for a longer lapse time; however, it was not done
because an unreasonable stress distribution starts to show due to the

accumulation of computational error.

The results shown in Figures 33 and 34 were interpreted as follows.
The instantaneous sinkages, Z, of the leading tire were obtained by averaging
the peak deflections of the soil surface under the tire for lapse times of
0.040 to 0.070 seconds. The instantaneous sinkages, Z, of the trailing
tire were obtained by averaging the differences between the peak soil
surface level of the unloaded portion between the tires and the peak soil
surface deflection under the trailing tire. In this way, the gross soil
mcovement due to elastic rebound or wave may be canceled. The sinkages

are summarized in Table XI,

From the instantaneous sinkage ratio, Z/D, the drag ratio, R/P, of
the leading and trailing wheels were calculated from the drag-sinkage
equations obtained in Phase II(Z). The drag ratios for both wheels were

averaged and compared with the single wheel drag ratio. The results are

also summarized in Table XI.

As indicated in the last column of Table XI, tandem wheel operation
does not reduce significantly the drag load as compared to the single wheel
operation. This was also the conclusion in the experimental test program

performed as a separate effort of this research project(l).

The results show that the t=chnique and computer program developed
can be used for predicting tandem multiwheel effect quite successfully.
The fluctuation of the sinkages is a2 weakness of the technique but the
averaging procedure employed secmed to overcome it. The total computer
time used for the three cases is approximately eight hours on the IBM 7094.
Conversion to use the CDC 6600 would require approximately half an hour
for each case. This long computer running time may limit somewhat the

extensive utilization of the computer program.
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B. HIGH SPEED VERTICAL: PLATE TESTS

Introduction

As indicated previously, the full ground speed range of aircraft
leads to tire/soil interaction loadings over a wide range of rates. One
approximate way to estimate rates of loading in soil caused by tire/soil

interaction is given by

AL 28)
where
r = rate of loading, in/sec
Z = soil sinkage, in
V, = forward velocity of aircraft tire, in/sec
2 = contact footprint length of tire in soil, in.

For typical aircraft tires and sinkage conditions cccuring in takeoff
operations, the rate of loadings in soil as given by Equation (28) would
probably exceed 100 inches per second. If the resistance to penetration
in the soil changes significantly with the rate of loading then such a

phenzmena would have to be included in the equation »f state for the soil.

Recently IITRI(3) conducted a series of vertical plate load tests
with varying rates of loading (penetration) to examine this phenomena
further. The results of these tests led IITRI to suggest that the typical
sinkage-velocity curve for aircraft in a takeoff mode can be explained by
changes in soil resistance to penetration which occur under varying rates
a3

of loading. Figure 35shows a typical result for san . Reference to

Figure 35 indicates that beginning from a static conditioa the soil first
becomes stiffer as the rate increases (static to 15 in/sec) and then begins
to undergo a period of decreasing stiffness (15 in/sec to 50 in/sec) as the
rate of loading continues to increase. This decreasing stiffness reaches

some minimum and again begins to increase at very high rates of loading

(>50 in/sec).
78
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Test Objective and Program

In an effort to further clarify the influence of penetration rate on the
resistance of soil to penetration, a series of vertical plate tests were
conducted in a clay and a sandy soil with variable rates of penetration.
The purpose of the tests was to:

L (a) Estimate the order of magnitude of influence of the rate of
p penetration on the soil resistance (stiffness) to penetration.

(b) To further investigate the penetration resistance phenomena

ror

shown by IITRI(3) as a possible explanation of the rolling drag-

velocity relationship for aircraft tires operating on soil.

The initial series of test was run on Buckshot Clay, a very line-

grained clay obtained from the area around Vicksburg, Mississippi. The
test program consisted of 22 different tests in which the rates of loading
varied from 0.01 inches per second up to a maximum value of 40 inches
per second. Table 12 gives a summary of these tests and the rate at

which each was run.

Following the clay tests, a very similar series of tests was run on
a riverwash sand which was obtained from the area around Dayton, Ohio. f
This series of tests consisted of 27 different tests which covered a rate
of loading range identical to that of the clay tests. Table XIII gives a

summary of the tests run on sand and the rates at which each was run.

In both clay and sand tests, the soil specimen was compacted into 4

the test containers znd a 3 inch diameter circular plate was penetrated into

the sample to a depth of 3 inches by means of a hydraulic MTS loading system.

: The relationship between penetration and resistance was recorded on either J
an oscillograph recorder or on the recording system which is integral to 1

the MTS system.

In performing these tests it was very important that the different !
test specimens could be consistently reproduced to the preselected conditions. «

It is obvious that if one test sample was of a higher density than another that
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TABLE XII
; PLATE TEST PROGRAM - CLAY ‘
) Soil Stiffness Rate of Plate I
Test No. Soil Type CI (Desired)** | Penetration (in/sec)
L C-1A Buckshot Clay 115.0 0.01
i C-1B L X 0.01
C-2A " n 0.05
b C-2B* 1" 1" 0.05 j
i C-2C " " 0.05 <
C-3A* tt 1 0. 10
C-3B* " H 0.10
C-3C 1" " 0. 10
C-3D " 1] 0.10
C-4A " n 0.50
, C-4B* " " 0.50
C-4C 1 t 0. 50
’ : C-5A u " 1.00
C-5B 1 n 1.00
C-6A " n 5.00 T
C-6B 1] 1 5.00
C-7A n n 10.00
C-7B n " 10.00 ‘
: C-8A Y g 25.00 q
C-8B " " 25.00 ‘
¢ C-9A n " 40.00
o C-9B " " 40. 00

% These tests were omitted from final calculations.

PrSTIOTIRN

*% Average soil penetration resistance over 0" to 6".

R . e T
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TABLE XI'I

PLATE TEST PROGRAM - SAND

Soil Stiffness™

Rate of Plate

Test No. Soil Type CIzi (desired) | Penetration (in/sec)
S-1A Riverwash Sand 51.0 0.01
S-1B ] 3] 0. 01
s-1C ] 1 0.01
S-2A " " 0.05
S-2B " " 0.05
S-2C " n 0.05
S-3A " " 0.10
S-3B " n 0.10
S8-3C " " 0.10
S-44A " i 0.50
S-4B " " 0.50
S-4C " " 0.50
S-5A " " 1.00
S5-5B n " 1,00
S-5C " " 1. 00
S-6A " n 5.00
S-6B " " 5.00
S-6C " " 5.00
S-7A " " 10. 00
S-7B " H 10. 00
S-7C u n 10,00
S-8A " i 25.00
S-8B " " 25,00
S.8C " " 25,00
S-9A n u 40,00
S-98 " " 40.00
S-9C " n 40, 00

* Soil Penetration Resistance at 2 inch penetration,
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it would exhibit a higher resistance to penetration regardless of the rate of
loading effects. In an effort to normalize the test results and to make the

results independent of small variances in moisture and density, a series of
cone penetrometer tests were performed on each test specimen prior to the

actual plate test.

Test Setup

- MTS Loading System

The MTS tensile and fatigue machine is a single item closed-loop
electro-hydraulic servo-activated testing machine with a maximum loading
capacity of 75, 000 pounds. The waveform applied to the soil was that of a
ramp. Figure 36 shows the MTS system setup.

- Test Plate

The test plate is a 3 inch in diameter circular plate. Made out of
aluminum, the plate has a thickness of 1/2 inch and has a 6 inch long
aluminum shaft which has a diameter of 1-1/4 inches. The plate was
designed so that it meets the dimengional requirements such that the
distance to the nearest side of the test specimen container would be greater
than three times the plate diameter and the distance to the bottom of the
soil mass would be five times greater than the plate diameter. In addition
to the plate, an aluminum extension was designed which would add 3 inches

to the shaft length if needed. Figure 37 shows the test plate.
- Cone Penetrometer

The cone penetrometer was made out of stainless steel and had a

5 inch shaft whose diameter was 3/8 of an inch. The cone portion was

1-1/2 inches long and had a base of 0. 80 inches in diameter (area = 0.5 inz).

The apex angle of the cone was 30 degrees (15 degrees on each side of the
center line). The penetrometer tests were all run at a rate of 1. 25 inches
per second and were taken to a depth of 4-1/2 inches. Figure 37 shows the

penetrometer used.

83.
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Figure 36, MTS Loading System
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Figure 37, Test Plate and Cone Penetrometer
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~ Test Containers

These containers were circular in cross-section with a base

The test containers were made from 25 inch high circular refuse
containers,

} diameter of 19 inches and a top diameter of 22 inches. Support was added
to the base of the containers in the form of two 3/4 inch plywood layers.
In addition to these two layers, another layer of 3/4 inch plywood was

{ added beneath the base so that the applied force would be transmitted

v

directly to the soil mass.
[

- Recording System

rr—

The MTS recording system is integral to the MTS loading system

and has a maximum recording rate of around 5 inches per second and

contains no minimum rate limitations. The oscillograph recorder used

during the clay tests is an 18 channel, type 5-114-PS recorder made by

b o Consolidated Engineering Corporation. It has a paper speed range of i
0. 45 inches per second to 115. 2 inches per second. The oscillegraph ‘
recorder used during the sand test is an 18 channel, type 5-124 A recorder

made by Consolidated Electrodynamic Corporation and nas a paper speed

range of . 25 inches per second to 64.0 inches per second.

il

- Modified CBR Hammer

A modified CBR hammer was used to compact both the clay and

sand specimens. This hammer had a 10 pound weight which dropped 18

. inches onto a 3-7/8 inch circular plate. This hammer provides a com-

paction effort of 183, 2 ib-ft/ ﬂ:2 per blow.
L |

-~ Soil Classification ‘

The two soils selected for testing were Buckshot Clay and river-
wash sand. Extensive previ:ouAs testing has been performed on the p
Buckshot Clay and its classification properties can be obtained from other
literature sources. For comparison purposes, the grain size distribution

of the Buckshot Clay is given in Figure 49 of Appendix I, and of the riverwash j

sand in Figure 51 of Appendix V.




Test Specimer Preparation and Uniformity Analysis

- Cone Penetration Tests

As indicated previously, the cone penetration test was used to
determine the uniformity and strength of a sample prior to a plate test.
The results of the cone penetrometer test were also used to normalize the
results of the plate tests. If the strength of the soii can be represented
by a cone index value which can be determined from the standard cone
penetration test, then within certain limits, the soil's resistance to a J

penetrating plate can be made deperdent upon only the rate of penetration

T T W T —— W —
e -

by dividing the total soil resistance to the plate by this cone index value. 4
The results of this procedure would provide an adequate method for

comparing the effects related only to the rate of plate penetration.

The cone penetrometer was run at three different test locations
chosen at even intervals in a region removed from the center of the
’ ) sample. In the clay tests the tip of the cone was placed at the top of the
sample and then penetrated to a depth of 4=1/2 inches. Both penetration
depth (inches) and resistance (pounds) were recorded as shown in Figure 38. T
The definition of CItot for clay, together with a summary of the cone

penetration results for clay is given in Appendix V. <

In the sand tests the cone was penetrated 1-1/2 inches (to fully
penetrate the cone) prior to the running of the cone penetration test. The
cone was then penetrated an additional 4-1/2 inches while recording
. penetration depth and resistance as shown in Figure 39. Three cone
penetration tests were performed on each sample and the definition of
Cl , which was used in the normalizing procedure, is given in

layer
Appendix V together with a summary of the cone penetration results for

sand. A
- Clay Uniformity i

In the construction of each test specimen, it was important that a

systematic compaction procedure be used which would insure uniform

B I i st o0 ¥ W%, %9 1 €30 0 |
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specimens throughout the test program. The specimens were compacted
into the test containers by means of impact from a modified CBR hammer.
The initial test specimens (Test C-3A, C-3B, C-4A, and C-4B) were
compacted using 4 inch layers and 100 blows per layer. Subsequent to this
several additional samples (C-2A, C-2B, C-5A, and C-5B) were prepared
by recompacting the upper 8 inches in 2 inch lifts with 100 blows per layer.
The results of the cone penetrometer test in all these samples indicated
that they lacked the required uniformity. The results of Tests C-2A, C-3A,

C-3B, and C-4B were not used in the subsequent analysis.

For all the remaining test specimens, the entire sample was
built up in 2 inch lifts with 100 blows per layer. Samples were reused by
recompacting only the upper 8 inches in 2 inch lifts. The results of the
cone penetrometer tests on these subsequent samples as shown in Table 58
of Appendix V indicated the required uniformity had been attained by

this compaction procedure.
- Sand Uniformity

All the sand specimens were built up using 2 inch lifts and 100
blows per layer. The samples were reused by recompacting only the upper
8 inches in 2 inch lifts. The results of the cone penetrometer tests on the
sand specimens as shown in Table 60 of Appendix V indicated the
required uniformity had been obtained for all samples within the test

program.

Plate Test Results

- Clay

The loading plate tests were conducted immediately after the cone
penetration tests. Figure 40 shows a test specimen immediately following a
typical test in clay and Figure 41 shows the typical result of a plate penetra-
tion test in clay. The results of these tests can best be shown by a graph

90
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Figurc 40, Test Specimen Following Plate Penctration Test - Clay
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of the soil's resistance versus plate penetration for each tested rate of
penetration, Such a graph is shown in Figure 42, Reference to Figure 42
shows that with the exception of Test 4, a trend exists in which an increase
in the rate of penetration causes an increase in the soil's resistance, As
discussed in the previous section, the test specimen used in Test 4 did not
meet the desired uniformity, and thus, the results of this test are probably
in error, Each data point shown in Figure 42 represents the average of at

least two tests.

The results of the clay tests as shown in Figure 42 tend to agree
with those obtained from previous rated plate penetration test conducted by
IITRI(3) and others. The results of IITRI's tests also show increasing pene-~
tration resistance throughout their range of varying penetration rates
(static to 40 in/sec). Although IITRI suggested that a decrease in penetration
resistance might be observed in a portion of the rate range for plate sizes
greater than the 1. 95-in used in their test program, no such effect was

observed for the 3-in diameter plate used in these tests.

The approximate equal spacing of the tests in Figure 42 suggests
that a simple mathematical relationship may exist hetween the soil's
resistance and the rate of penetration. To determine if such a relationship
existed a graph of the soil's resistance to penetration versus the logarithm
of the rate of penetration was developed at 1-1/2, 2, and 2-1/2 inches
penetration. These graphs are shown in Figures 43 through 45. Each graph
closely approximated a linear relationship on the semi-logarithmic plot
and further investigation revealed that the slopes of these linear relation-
ships were almost equal. By performing a Least Squares analysis, an
equation was obtained for each graph. The constants in these equations
which were approximately equal for all three cases, were combined to
obtain one equation. As the rate of penetration increases, the soil's

resistance also increases by the following equation.
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Rg = 0. 68 log r + 10. 87 (29)

} where

F
R = soil's resistance - _piate

CItot

where Fplate = resistance of plate (lbs)
1

CI

. tot Conne Index value (lbs/inz)

r = rate of penetration (in/sec)

T

It should be mentioned that this equation was develcped for the velocity range of 4
approximately static to 40 inches per second, and is good for only Buckshot

Clay for a penetration of a 3-inch diameter plate.
- Sand

The plate test results for the various penetration rates in sand
were not as conclusive as those obtained in clay, The major difficulty that
arose in the sand tests was that two different modes of failure were observed
depending upon the rate of penetration. One mode was observed at rates of
10 inches per second and less, while another mode was observed for the
rates of 25 and 40 inches per second. At 10 inches per second and less, (
the plate test results took the shape as shown in Figure 46. For these rates |
of loading, the force exerted on the plate increased almost linearly with
the penetration. A similar analysis to that performed in clay was made
- and is shown in Figure 47. Reference to Figure 47 shows that at the slowest
rates (Test 1 and 2), the plates experienced a lesser penetration resistance
than at the intermediate rates (Tests 3, 4, and 5), and thus the soil's
resistance increased over this range with an increase in rate. However,
for Tests 6 and 7 (the higher rates) the soil's resistance to plate penetration
showed a marked decrease when compared to the intermediate tests. Thus
it may be summarized from Figure 47 that for the rate range of 0.01 inches

per second to 10.0 inches per second that the sand shows a gradual increase
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in resistance to penetration with 2n increase in the rate of penetration,

followed by a gradual decrease in penetration resistance for continuing
increase in rate of penetration.

The results of Test 8 (rate = 25 in/sec) and Test 9 (rate = 40 in/sec)
revealed that a different mode of failure occurred than for the slower rates
of penetration. The result of Test 8 is shown in Figure 48. In both Test 8
and 9 an initial peak load value was obtained in the first half-inch of
penetration. This was followed by a period of marked decrease in strength.
In Test 8 a second peak value was obtained at about 2-1/2 inches of pene-
tration but this second peak was not observed in the three-inch penetration -
of Test 9. It is not known what caused the change in mode of failure that
produced the results of Tests 8 and 9, but it may have been due to the
combination of the effects of excess pore air pressure and an impact-
produced tension stress wave rebounding off the bottom of the test container.
Reference to Figure 48 shows that this type of failure produces a soil's
resistance which is considerably different from that obtained from the mode
of failure associated with slower rates of penetration. One observation
which should be made from Tests 8 and 9 is that the initial peak load found
in Test 9 was greater than the initial peak load found in Test 8 (sce Figure 47).

This agrees with the results found by HTRI(3).

Conclusions
For the clay and sand soil tested in this program, the results of the

rate of loading plate penetration tests have shown:

(1) The rate of penetration has considerable effect upon the resistance

(or stiffness)of a soil to penetration.

(2) For a clay, the soil's normalized resistance (Resistance/Soil
Strength) is directly proporticnal to the logarithm of rate of penetration.

For Buckshot Clay and a 3-inch diameter plate, the soil's resistance can

be described by Equation (29).
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1
(3) For a sand, the mode of failure appears to be dependent upon the A
rate of penetration. This mode of failure has a large influence on the

soil's resistance.
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SECTION V
CONCLUSIONS AND RECOMMENDATIONS

A. CONCLUSIONS

The results of the Phase III - Part II research effort have shown that:

(1) Braking action of tires on soil leads to large increases in the
braking drag ratio (RB/P) and in some instances for the fully braked tire
this ratio may approach or exceed one (1. 0).

(2) The braking drag ratio continues to increase throughout the negative
slip range for braked tires operating on both sand and clay.

(3) The ratio of braked tire sinkage to rolling tire sinkage ranges from
1.5 to 3.0 for clay type soils and 4.0 to 15.0 for sand type soils.

(4) The composite results of previous braking studies, the experi-
mental braking verification tests, and the analytical results to date have
led to preliminary braking analysis prediction equations which are suitable
for a wide range of tire and soil parameters,

(5) Suitable experimental and/or analytical information is not currently
available to permit a detailed analysis of high speed rolling drag effe~“: in

soil or to evaluate the effects of multipass operations on aircraft Nth pass

drag or runway deterioration.
B. RECOMMENDATION FOR RESEARCH

Future research efforts for landing gear/soil interaction should be
directed in the following areas:

(1) High speed (Region III) sinkage and drag performance for rolling
and braked tires on soil.

(2) Landing gear loads and sinkage/drag interaction for turning

operations in soil.

(3) Multiple pass (operaticns) effects as related to the prediction of

Nth pass drag and runway deterioration, including an investigation of surface

roughness and texture effects.
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Classification

Both of the soils selected for the test program have been used exten-
sively by WES in previous mobility studies and the classification properties
have been reported previously. For coimmparison purposes, the grain size
distribution and limits properties are given for the buckshot clay in Figure 49,

and the grain size distribution for the mortar sand is shown in Figure 50.

California Bearing Ratio

The CBR is a plate bearing test using a three-square inch piston which
is penetrated continuously into the soil to a depth of one-half inch while
continuously recording the load resistance with depth. Annular surcharge
weights are placed around the piston prior to its penetration. The ratio of
the load at 0.1 inch penetration to that load supported by a standard well
graded crushed gravel multiplied by 100 is defined as the CBR of the soil.

Cone Penetrometer Resistance

The mobility cone penetrometer is a rod device having a 30 degree cone
tip and has a cross section base area of 0.5 square inch. The shaft is
narrowed above the cone to minimize the friction between the side of the
shaft and the hole. The cone penetrometer, which is pushed into the soil
at a standard rate, measures the resistance to penetration (Cone Index) in
pounds per square inch. The Cone Index is a measure of soil shear strength
and its variation with depth. The CI value is usually given as the average

resistance over the first 6 inches of depth.

Test Section Consistency

In order to demonstrate the consistency of each test section, Tables XIV
and XV were prepared to compare the values of CI for the before and after

test soil conditions. In addition to the CI data, th- density values and

moisture contents are also shown.
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SOIL STRENGTH, STRENGTH CONSISTENCY, AND SOIL

TABLE XIV

MOISTURE AND DENSITY DATA - BUCKSHOT CLAY

—

111

— = 4%
Buckshot Clay
T;:t Before | Before | Before Before B;f::;e After
: Test Test Test Test Drv Densit Test
CI Avg | CIHigh | CI Low | Moisture % y y CI Avg
w PCfr Y4

1 39.9 41.8 37.1
2 42.4 43.8 40.6 ‘42.5 avg % 76.4 avg 42.4
3 42.0 43.0 40.4 40.7
4 41.6 42.8 40,2 39.8
5 41.6 44.3 40.2 242. 1 avg % 77.6 avg 38.3
6 40.0 41,2 38.7 40.0
7 38.4 39.8 37.5 38.5
8 39.6 43.3 37.5 %41.6 avg § 78.2 avg 37.6
9 37.1 39.4 35.0 37.8
10 39.5 40.3 37.8 38.3
11 38.8 40.7 36.0 36.2
12 42.2 44.3 40.1 39.6
13 42.0 43.7 40.0 242. 1 avg $77. 1 avg 39.5
14 36.4 37.8 34.4 37.2
15 38.2 39.0 36.2 36.9
16 | 35.4 | 36.5 | 3L9 }41‘6 avg }77'6 avg 36.8
17 36.6 37.2 35.4 36.5
18 39.3 40.3 38.2 $41.3 avg $77.9 avg 36.9
19 35.8 37.9 33.6 36.1
20 39.2 31.0 36.6 38.7
21 39.4 41.1 37.0 241. 8 avg : 77.5 avg 37.5
22 36.1 37.8 34.6 35.1

39.2 avg 41.9 avg 77.5 avg

* 4

- .




TABLE XV

SOIL STRENGTH, STRENGTH CONSISTENCY, AND SOIL
MOISTURE AND DENSITY DATA - MORTAR SAND

e
Mortar Sand
T;:.t Before Before Before Before B;i(:;e After
Test Test Test Test Dry Density Test
CI Avg | CIHigh | CI Low | Moisture % CI Avg
W pef, vq
1 37.7 39.9 35.6 20.7
2 44.5 45.4 43.5 .08 22.4
3 43,2 .07
4 41.0 42.6 39.4 .09 101.0 20.9
5 42.7 46,3 40.5 .13 22.5
6 42.1 43.3 40.4 .08 22.6
7 47.1 49,6 44,2 .13 24.6
8 47.0 48.3 45,5 .08 22.4
9 44.3 45,1 42.1 .11 20.6
10 47.6 48.8 45,8 .09 22.3
11 42,8 44.9 41.6 .08 21.9
12 46.5 50.1 45,1 .09 20.9
13 46.8 50.3 43.8 .10 26.8
14 44,2 45.4 41.7 24.6
15 45,1 47.1 43,9 .11 99.8 26.1
16 45.7 47.8 43.8 .09 24.6
17 .08
18 39.8 45,17 36.6 .10 24,3
19 48.1 50.9 45.9 .13 23.7
20 42,2 45.4 38.5 .13 19.3

100.4 avg

——
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Soil Preparation

The buckshot clay was proce. sed, placed, and compacted at predeter~
mined moistures and densities corresponding to the desired soil strength.
The soil is first passed through a roller crusher and then placed in a pug mill
where the soil-water mixing takes place at a selected moisture content. The
soil is then placed in the soil carts in 6 inch layers with each layer compacted
by pneumatic tired rollers. Previously developed empirical relationships
between buckshot clay moisture content and compactive effort permitted the

soil to be placed near the design soil conditions.

The mortar sand was prepared in an air dried condition. Different
soil strengths were achieved by varying the density of placement of the soil,
The sand was placed in uniform layers which were screened and vibrated on
the surface as the filling progressed. Empirical relationships between the
thickness of layer, vibratory effect, and soil density permitted the sand to

be placed near the design soil conditions.

Test Procedures

The test procedures for running a single test in sand are:
(1) Loosen sand section by plowing
{(2) Check weakened state by Cone Index tests
(3) Vibrate sand to desired soil strength
(4) Check strength by Cone Index tests
(5) Take final soil strength and surface elevation profile
(6) Calibration checks between recording station and computer
(7) Make a test run without load on test tires (in-air run)
(8) Load tire and check inflation pressure and deflection
(9) Run test

(10) Take post test soil strength and rut depth profile.

The test procedure for running a test in clay differs from the sand

only in soil preparation techniques. The clay test bed has to be prepared
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at least ten days in advance of a test so that the water content of the clay will
stabilize as described above. The only preparation needed to run a test 4
after the soil bed has been constructed involves smoothing the soil surface

and measuring the soil strength and surface profiles. Steps (7) through (10) i
are then completed as in sand. Preparation for succeeding tests in the
same clay soil bed can involve re-rolling and smoothing the soil surface.

In both the sand and clay test procedure, a test is not run unless the desired

soil strength and uniformity is attained during the preparation stages. |
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APPENDIX II

BRAKING VERIFICATION TESTS
CLAY AND SAND TEST DATA
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TABLE XVI

BRAKED TEST RESULTS

Test No.

Soil Type

Clay

Soil Strength

42.4 “'vag)

Tire Size

8:50-10

Tire Deflection 35 (d)

Carriage Speed

10 ft/sec (Va)

Station sn;; % Loaci:; 1bs DngI,3 lbs Sinkazge, in. Torqu;,' ft-1bs]
23.6 10 1484 325 1.05 123
25.3 20 1483 500 1,25 240
25.9 30 1483 600 1.45 290
26.2 40 1485 650 1.60 315
26.4 50 1484 700 1.68 332
26.6 60 1480 750 1.75 353
26.8 70% 1470 790 1.85 375
27.1 80% 1460 850 2.00 380
27.4 90% 1460 890 2.00 368
29.5 100* 1490 840 1.95 289

* Carriage was slowing down at this point and velocity was not maintained.

116

. .

JRPSE——



— ” i sl - - ——  —
— — — X T W~~~

?
1' TABLE XVII
} BRAKED TEST RESULTS J
| Test No. 3 Tire Size 8:50-10
1
Soil Type Clay Tire Deflection _ 42 (d)
Soil St th 42, C i S d f
oil Streng 0 (Q%VF) arriage Spee 10 ft/sec (Ya) o
L Slip Y% Load, 1b D 1b Sink i T ft-1b
. ip % oad, s rag, lbs inkage, in. orque, ft-lbs
g Station S P Rp 7z T! 4
4
L 25.0 5 1690 280 1.17 58
28.0 10 1687 390 1.20 138 {
31.0 15 1685 500 1.29 219
40
’ 50 |
60 ‘
70 ?
80 f
% 1
100 !
{
’ ‘
.
{
{
[
|
4
|
:
;
§ 117 1
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TABLE XVIII

BRAKED TEST RESULTS

Test No. 4
Soil Type Clay

Tire Size

Tire Deflection

8:50-10

42 (d)

Soil Strength 41.6(C1 ) Carriage Speed _ 10 ft/sec (V)
avg ) S
Station Slig % Loac;; lbs Dra.Rgé 1bs Sinkazge, in. Torqu;‘,' ft-1bs

19.7 10 1705 385 .85 195
22.1 20 1705 570 1.05 280
24.0 30 1705 685 1.25 338
25.4 40 1705 735 1.50 370
26.2 50% 1705 780 1.70 388
26, 7% 60 1705 840 1.75 380
26, 9% 70 1705 880 1.80 370

80

90

!
100

* Carriage was slowing down at this point and velocity was not maintained.
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TABLE XIX

BRAKED TEST RESULTS

Test No. 5 Tire Size 8:50-10

Soil Type Clay Tire Deflection 42 (d)

Soil Strength 41.6 vg) Carriage Speed __ 10 ft/sec Lla)

Station Sli]sa % Loaczil; 1bs DraRgé l1bs Sinkazge, in. Torqu;,' ft-1bs
10

22,7 20 1680 530 1.00 278
25,2 30 1680 705 1.25 345
26.7 40 1680 775 1.45 390
27.6 50 1680 810 1.65 405
28.0 69 1680 830 1.70 405
28.2 70 1681 840 1.85 405
28.6 80 1684 870 1.95 400
29.1 90 1684 910 2,05 388
31.0 100 1685 850 1.58 300
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TABLE XX
BRAKED TEST RESULTS
i Test No. 6 Tire Size 8:50-10
Soil Type Clay_ Tire Deflection  35(d)
[ Soil Strength 40.0 (Cldwg) Carriage Speed 10 ft/sec (Vd) ‘
p
Station Shg % Loaci_; 1bs DraRgé 1bs Sinkaée, in, TorqueT,' ft-lbs
19.7 10 1490 380 1.05 205 1
23.0 20 1489 605 1.45 295 ‘
25.5 30 1485 680 1.75 335
27.0 40 1485 765 1.87 355
27.9 50 1485 840 1.95 370
28.5 60 1485 840 2.10 380 :
28.8 70 1476 880 2.20 380 |
29.0 80 1450 950 2,30 378 (
29.3 90 1450 1020 2.50 360 ‘
29.9 95 1460 1090 2,68 317 1
31,8 97 1490 930 1.90 290
1
4
!
i
120
'



a4

TABLE XXI
BRAKED TEST RESULTS
Test No. 7 Tire Size 8:50-10
Soil Type Clay Tire Deflection 35 (d)
! Soil Strength 38.4 (glavg) Carriage Speed 20 ft/sec (’\L?r)
i
L Station Slig Y Loaci; lbs Draiag],3 lbs Sinkazge, in. TorqueT,' ft-1bs
21.6 10 1488 420 1,30 168
25.0 20 1490 600 1.50 268
27.2 30 1490 750 1.55 345
28.4 40 1480 840 1.85 370
29.2 50 1478 860 1.93 370
30.1 60* 1480 920 1.98 353 |
: 30.7 703 1460 930 2.05 273
| 31.2 8§0%* 1460 950 2.13 284 %
i 31.4 9u* 1465 960 2,15 263
10v
.
* Carriage was slowing down at this point and velocity was not maintained. ;‘
{
!
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TABLE XXII

BRAKED TEST RESULTS

Test No. 8 Tire Size 8:50=10

Soil Type Clay Tire Deflection 42 (d)

Soil Strength 39,6 (Clavg) Carriage Speed 20 ft/sec (Yar)

Station Slig % Loaci; lbs Drafgé 1bs Sinkage, in. TorqueT,' ft-lbs
21.4 10 1690 435 1.00 160
25.8 20 1690 670 1.50 290
28.7 30 1650 850 1.70 380
29.5 40 1647 900 1.95 400
29.9 50 1670 970 2.20 412
30.2 60% 1680 1045 2.20 422
30.6 70%* 1690 1060 2.15 430
30.9 80* 1685 1060 2,10 425
31.2 90%* 1690 1030 2,05 410
100

* Carriage was s’owing down at this point and velocity was not maintained.
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TABLE XXII

BRAKED TEST RESULTS

Test No. 9 Tire Size 8:50-10
Soil Type Clay_ Tire Deflection 42 (d)
Soil Strength 37(c15vg) Carriage Speed __ 5 ft/sec (vai
Station Sli}; % Loacl_; 1bs Drai‘gl,3 1bs Sinkage, in, TorqueT,' ft-1bs
23.5 10 1678 440 1.45 140
27.7 20 1675 650 1.80 245
29.5 30 1673 825 2.08 275
30.4 40 1671 965 2.11 286
50
60
70
80
90
100
123
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TABLE XXIV
BRAKED TEST RESULTS
| Test No. 10 Tire Size 8:50-10
Soil Type Clay Tire Deflection 35 (d)
Soil Strength 39,6 ((:_1a ) Carriage Speed _ 5 ft/sec (V)
)44 - &
‘ i
. Slip % Load, lbs Drag, lbs | Sinkage, in. |Torque, ft-lbs
r Station S P ﬁB z T
| ,
)
19.5 20 1500 550 1.30 310
21.6 30 1497 700 1.55 327
23.1 40 1495 760 1.80 346 !
23.9 50 1493 840 2,05 350
24.4 60 1490 950 2,20 369
24.6 70 1490 1000 2.25 374 *
24.8 80 1490 1050 2.30 380
25.5 90 1490 1100 2.55 366 ﬁ
2.40 255
L
L
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TABLE XXV
BRAKED TEST RESULTS y |
Test No. 11 Tire Size 8:50-10 )
Soil Type Clay Tire Deflection 35 (d)
Soil Strength 38.8 (CI ) Carriage Speed 5 ft/sec (Va) 1
. avg

Station Slip % Load, 1lbs Drag, lbs | Sinkage, in. | Torque, ft-lbs 4

S P Rp 2 T!
10 {
20 1478 580 1.40 295 q

30 1478 650 1.65 321

40 1478 740 1.80 330

50 1478 820 1.95 333

60 1478 880 2,05 335
{

70 1478 950 2,20 335
80 1475 1045 2,35 350 1
90 1475 1065 2.55 340 )

100
!
1
q
:
¢
A
|
i
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TABLE XXVI ‘
BRAKED TEST RESULTS ,g‘
Test No. 12 Tire Size 7:00-6 }
Soil Type Clay Tire Deflection 42 (d)
Soil Strength 42.2 (CLIvg) Carriage Speed 5 ft/sec (yz) '
|
Station Sh}s) % Loadls 1bs Draﬁblbs Smkazge, in, To:t'qurer,l ft-lbs i
22.8 10 1078 280 1.30 88 i
26.7 20 1076 410 1.25 148 W
28.6 30 1076 500 1.50 172 3
29.4 40 1074 560 1,75 173 l
29.6 50 1075 600 1.80 174
29.8 60 1075 640 1.85 175
30.1 70 1075 690 1.90 175 |
30.4 80 1075 740 1.95 175 ‘
30.8 90%* 1075 757 2.05 170 1
100 {
<

* Carriage was slowing down at this point and velocity was not maintained.
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TABLE XXVII

s

-

|
BRAKED TEST RESULTS ;
Test No. 13 Tire Size 7:00-6
Soil Type Clay Tire Deflection 35 (qg) .
. . |
Soil Strength 42.0 (CI&vg) Carriage Speed 5 ft/sec (Var) |
i
Station Slip % Load, 1bs Drag, lbs | Sinkage, in. |Torque, ft-lbs
S P Rp 4 T!
22,7 10 885 235 1.05 83 <4
1
26.4 20 890 350 1.30 135 ‘
28.3 30 890 420 1.50 168
29.2 40 890 465 1.75 183
29.4 50 890 500 1.77 185
29.6 60 890 535 1,77 185
29.7 70 890 550 1.80 185
29.9 80 890 560 1.80 183
30.3 90 890 580 1.82 170
100
:
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TABLE XXVIII

BRAKED TEST RESULTS

Test No. 14 Tire Size 7:00-6
Soil Type Clay Tire Deflection 35 (d) T
Soil Strength 36. SJQIq ) Carriage Speed 10 ft/sec (V. )
vy -9
4
. Slip % Load, 1bs Drag, lbs | Sinkage, in. | Torque, ft-lbs !
Station S P Rp 7 !
L
24,0 10 890 215 1.25 50 <
28,6 20 897 365 1.40 110
30.6 30 900 445 1.55 135
31.5 40 900 500 1.45 145
32.3 50 900 540 1.35 155
60 1
70
80 {
90
100 |
.
1
l
4‘
.
1
1
d
128
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TABLE XXIX

BRAKED TEST RESULTS

Test No. 15 Tire Size 7:00-6
Soil Type Clay Tire Deflection 42 (d)
$oil Strength 38.2 (Clavg) Carriage Speed 10 ft/ sec (Vd)
Station Siip % Load, lbs Dralg, lbs | Sinkage, in. |Torque, ft-lbs
S P B Z T!
26.0 10 1080 340 1.15 105
28.7 20 1077 460 1. 40 146
29.6 30 1075 575 1.55 160
30.1 40 1075 610 1.65 168
30.7 50 1075 630 1.75 172
31.2 60 1070 650 1.90 180
31.6 70 1055 685 2.10 190
31.8 80 1045 730 2,20 180
32.0 90 1050 750 2.25 170
100
129
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TABLE XXX

BRAKED TEST RESULTS
| Test No. 16 Tire Size 7:00-6 *
Soil Type Clay Tire Deflection 35 (4) <
L Soil Strength 35.6 LCIGVS) Carriage Speed 20 ft/sec (ya)
f . Slip % Load, lbs Drag, 1lbs Sinkage, in. | Torque, ft-lbs j
L Station S b 1§B, s T,'
: 27.0 10 890 355 1.35 103 J
29.5 20 890 480 1.50 140
30.4 30 890 550 1.65 155
* - 31.3 40 890 610 1.80 168
32.2 50 890 645 1.90 182 |
60 -
70 ;
80 {
90
100 |
}
4
; 1
1
{
y
1
1
b
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TABLE XXXI

BRAKED TEST RESULTS

Test No. 17 Tire Size 7:00-6

Soil Type Clay Tire Deflection 35 (d)

Soil Strength 36.6 (levg) Carriage Speed 20 ft/sec (\LEL

Station Sli}S) % Loa.ci5 l1bs Dra}gi3 1bs Sinkazge, in. Torqu;,. ft-lbs

24,8 10 885 300 1.33 85
27.9 20 885 470 1.40 162
29.3 30 880 580 1.60 193
29.9 40 880 615 1.75 200
30.3 50 880 645 1.80 215
30.4 60 875 660 1.85 220
30.6 70 870 670 1.90 220
30.8 80 870 690 1.95 210
31.4 90 880 710 2.00 187

-* .
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Test No.
Soil Type

Soil Strength

18

TABLE XXXII

BRAKED TEST RESULTS

Tire Size

Clay

Tire Deflection

39,2 (CI )
ave

Carriage Speed

7:00-6

42 (d)

20 ft/sec (V)

Station Slig % Load},> lbs Draﬁélbs Sinkazge, in. Torqu;,' it-1lbs
21.9 10 1100 390 1.23 123
23.3 20 1090 520 1.50 178
23.8 30 1080 650 1.65 190
24.1 40 1075 710 1.75 200
24,3 50 1070 745 1.85 203
24.5 60 1060 760 1.90 210
24,8 70 1057 800 1.95 215
25,1 80 1065 820 2.00 218
25,6 90 1080 850 2,05 210
28.4 100 1090 770 1.68 200
30.0 100 1078 835 2.15 170
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" TABLE XXXIII
BRAKED TEST RESULTS
Test No. 19 Tire Size 7:00-6 1
Soil Type Clay Tire Deflection  35(d)
[
Soil Strength 35.8 (Clﬁg) Carriage Speed __ 10 ft/sec (V)
!
b . Slip % Load, lbs Drag, lbs | Sinkage, in. | Terque, ft-lbs 4
Station S P Ry 7 e ;
4 23.2 10 890 300 1.35 60 4
<
26,8 20 893 435 1.65 115
28.6 30 89% 500 1.65 150
29.4 40 870 550 1.75 158
’ 29.7 50 860 600 1.90 159
29.9 60 854 650 1.95 162 {
30,1 70 854 700 2.10 167
30.4 80 857 750 2.25 170 1
30,9 90 860 770 2.45 165
31,6 100 890 755 2.25 125
r }
<
} q
{
|
. |
1
Z |
i |
£ :
£ i
ggg:
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f TABLE XXXIV
BRAKED TEST RESULTS
Test No. 26 Tire Size 8:50-10
Soil Type Clay Tire Deflection 35 (d)
o
Soil Strength 39,2 (CI_ ) Carriage Speed 20 ft/sec (V)
avs L-9
B ) Slip % " Load, lbs Drag, lbs Sinkage, in., | Torque, ft-lbs
Station S P 1§B 7z T
< 20,7 10 1475 410 1.30 138 1
o
23.2 20 1475 620 1.70 220
25,1 30 1475 860 1,85 390
26.3 40 1475 930 1,95 418
27.2 50 1460 960 2.00 455
27.1 60 1430 1050 2.25 480 !
27.8 70 1430 1060 2.35 475
27.9 80 1430 1130 2.60 455
28,4 90 1438 1170 2.65 405
30.3 100 1480 1150 2.40 337
{
i
!
1
1
4
i
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TABLE XXXV
BRAKED TEST RESULTS ﬂ
Test No. 21 Tire Size 8:50-10
Soil Type Clay Tire Deflection 42 (d)
| Soil Strength 39.4 (CI‘WB) Carriage Speed 20 ft/sec V) 9
[
i Station sng % Loacl_,) lbs Drafg;s 1bs Sinkazge, in. TorqueT,' ft-1bs
k 21,3 10 1680 540 1.20 250 ]
23,0 20 1689 750 1.35 380
23.8 30 1680 895 1.50 450
24,3 40 1670 1050 1.65 505
b 24,7 50 1660 1150 1.85 530
25,0 60 1650 1200 2.00 525
25.2 70 1645 1240 2.30 520 !
25,5 80 1650 1260 2.55 505 :
25.8 90% 1665 1290 2.68 480 {
30.0 100%* 1660 1280 2.50 425
T
* Carriage was slowing down at this point and velocity was not maintained. Y
}
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TABLE XXXVI

BRAKED TEST RESULTS

T v

Test No. 22 Tire Size 8:50-10
Soil Type Clay Tire Deflection 42 (d)
{ Soil Strength 3¢.1 (CIa ) Carriage Speed 5 ft/sec (V) .
VB <
3
Station Slip % Load, 1lbs Drag, lbs Sinkage, in. {Torque, ft-lbs
S P Rp Z T
] 19.9 10 1675 420 1.30 175 {
20.7 20 1680 600 1.65 220
21.5 30 1685 750 1.85 260
22.5 40 1675 920 2.30 290
22.7 50 1660 975 2.69 305
22.9 60 1657 1070 2.95 320
{
23.1 70 1653 1170 3,30 330
23.4 80 1650 1300 3.55 333 (
23,8 90 1625 1325 3.75 320
26.0 100 1610 1350 3.85 233 ,
h




—v

TABLE XXXVII

BRAKED TEST RESULTS

Test No. 1 Tire Size 8:50-10
Soil Type Sand Tire Deflection 35 (d)
Soil Strength 37.7(CI ) Carriage Speed 5 ft/sec (V) f
| —avg -8
3
. Slip % Load, lbs Drag, lbs | Sinkage, in. | Torque, ft-lbs 4
L Station S P EB 7 e
N
! 19.4 10 015 137 .40 15
21.2 20 605 205 .55 44 ﬁ
22.6 30 600 250 .75 65
23.6 40 595 293 1.00 80
24.9 50 594 345 1.57 97
26.7 60 588 405 2.50 122
28.2 70 583 460 3.45 140
] 30.4 80 580 515 4.25 165
90 |
100
; |
23 j
3 ;
L |
d:
1
i
J
4
1
i
4
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TABLE XXXVIII

BRAKED TEST RESULTS

Test No. 2 Tire Size 8:50-10 j
Soil Type Sand Tire Deflection 42 (d)
Soil Strength 44.5 (Clavs) Carriage Speed 5 ft/sec (Va) s
Station Sli}s) % Loac; 1bs Dra1§33 1bs Sinkazge, in. TorqueT,‘ ft-lbs 4
19.2 10 710 175 .40 16 J
20.9 20 707 235 .50 42 v
22.5 30 705 290 .70 66
24.5 40 700 355 1.15 95 |
26.5 50 695 420 1.75 126 |
28.0 60 685 475 2.55 150
29.1 70 682 510 3.25 166 :
30.6 80 682 560 3.90 190 (
32.3 90 675 620 4.65 212 '
100
1
Fi
|
i
138
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] TABLE XXXIX 4
) BRAKED TEST RESULTS J
b Test No. 3 Tire Size 8:50-10 i
F Soil Type Sand Tire Deflection 35 (d)
Soil Strength 43.2 (CI ) Carriage Speed _ 5 ft/sec (V) .
—‘avg -3 l
L Station Slip % Load, Ibs | Drag, lbs | Sinkage, in. | Torque, ft-lbs ]
r ° S P RB Z T 1
b 21.8 10 988 235 .70 60
} 24.1 20 980 360 1.10 105 W
25.4 30 975 460 1. 4% 130
‘j 26. 4 40 970 550 1.85 150 1
’ 27.4 50 970 630 2.60 167
28.8 60 965 720 3.55 190
30.8 70 950 810 4.60 222 ‘
80 .
90 .
» 100
b
4
} 4
)
1 I
|
{
q4
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TABLE XL
BRAKED TEST RESULTS
Test No, 4 Tire Size 8:50-10
Soil Type Sand Tire Deflection 35 (d) «
Soil Strength 41.0 (Clavg) Carriage Speed 5 ft/sec (Va)
M ~ ‘
Station ShIS) % Loadl; 1bs Dralgi?’ 1bs Smkage, in. l’orqueT,' ft-1lbs
q
20,8 10 1000 255 .70 78
22.9 20 1000 380 1.10 127 7
24,1 30 990 470 1.50 155 1
24.8 40 980 540 1.90 170 |
25.6 50 975 620 2,65 186
26.4 60 970 700 3.45 203 s
28.0 70 950 800 4,50 232
30. 7 80 940 850 5,75 270 {
90
100
’
4
1
1
140
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E TABLE XLI
r BRAKED TEST RESULTS
Test No. 5 Tire Size 8:50-10 4
Soil Type Sand Tire Deflection 35 (d) 1
Soil Strength 42,7 (C—Iavg) Carriage Speed 10 ft/_ec (\L‘r) ‘
: Station Sli}S) % Loac;; ibs Drai:gf,; 1bs Sinkage, in. TorqueT,' ft-1lbs
L 20,7 10 1010 230 .45 65
23.3 20 1000 370 .90 145 q
24.1 30 990 460 1.20 169
24,8 40 980 535 1.45 190
25.4 50 970 630 1.75 205
26.0 60 970 720 2.20 222
26.8 70 960 810 3.00 244 ©
27.9 80 955 900 4.30 272
29.6 90 950 970 5.00 310 !
31.6 100 870 1030 5.50 360 j
H .
; s
)
|
|
|
.
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TABLE XLII

BRAKED TEST RESULTS

Test No. 6 Tire Size 8:50-10
Soil Type Sand Tire Deflection 42 (d)
Soil Strength 42,1 (Clavg) Carriage Speed 10 ft/sec (Ya)
E Station Slisp % Loac;; lbs DraI%;3 1bs Sinkazge, ‘n, Torqu;,' ft-1bs
} 19.7 10 700 180 .30 10
21.0 20 697 250 .50 45
22,1 30 690 310 .70 75
23.3 40 690 380 1.00 90
l 24.6 50 685 450 1.50 140
’ 25.5 60 685 500 1.95 160
26.5 70 685 550 2,50 182
27.6 80 670 595 3.00 205
29.1 90 665 650 3.60 230
100

& .
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TABT.E XLIII

BRAKED TEST RESULTS

Test No. 7 Tire Size 8:50-10 *
Soil Type Sand Tire Deflection 35 (d)

Soil Strength 47.1 @%“78) Carriage Speed 10 ft/sec (Va) L
E Station SliIS) % Loaci:,> ibs Draﬁé 1bs Sinkazge, in. TorqueT,' ft-1bs j
) 22,1 10 605 180 .22 75 )
\ 23.5 20 603 230 .35 100 J

24,5 30 600 275 .50 117

25.3 40 598 325 .70 135
26.0 50 595 370 .95 150 |

. 26.6 60 595 405 1.30 162
27.3 70 593 440 1.62 175 !
28.4 80 587 490 2.15 194 ‘
30.3 90 580 550 2,85 217 1

33.0 100 563 535 3.05 232
| B 1
} .
4




TABLE XLIV

!
{
4

BRAKED TEST RESULTS

I AR A

4
Test No. 8 Tire Size 8:50-10 ’1
: Soil Type Sand Tire Deflection 35 (d) {
» Soil Strength 47.0 (CIdvg) Carriage Speed 20 ft/sec (Va_)_ .
Station Slig % Loac;:; 1bs Dral§i3 lbs Sinkage, in. TorqueT,l ft-lbs !{‘
22.0 10 590 190 .20 75 1
23.5 20 600 270 .30 120 '
24.5 30 590 335 .45 155 )
25.2 40 583 380 .55 177 i
25.8 50 588 420 .65 195
26.3 60 605 460 .75 210
26.9 70 580 493 .85 225 :
27.7 80 565 525 1.05 243
28.8 90 575 555 1.50 265 {
31.4 100 590 530 1.35 300
4
{
|
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TABLE XLV

Y

BRAKED TEST RESULTS

_a

Test No. 9 Tire Size §:50-10
Soil Type Sand Tire Deflection 42 (d) .
Soil Strength 44,3 (CIdVg) Carriage Speed 20 ft/sec (Vd) l‘
Station Slig % LoadP, lbs Dralgl,B Ibs Sinkazge, in. Torqu;,l ft-lbs 1
1
10 1
20.8 20 685 220 .20 54’ ?
22.5 30 700 320 .53 98 ‘
24,2 40 700 430 .82 150 ‘
25.5 50 685 470 .75 198
26.3 60 690 510 .95 222 o
26.9 70 660 545 1.20 241 |
27.5 80 670 640 1,50 260 1
28.7 90 700 685 1.85 286
30.7 100 690 680 1.60 340
L |
:
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TABLE XLVI

.

BRAKED TEST RESULTS

Test No. 10 Tire Size 8:50-10 )
L Soil Type Sand Tire Deflection 35 (d)
Soil Strength 47.6 (C%vs) Carriage Speed 20 ft/sec (Val_ 1
Station Slig % LoadE; lbs Dra:[§,B 1bs Sinkage, in. Torqu;,' ft-1bs :
22,5 10 1000 320 .60 157 )
24.0 20 995 460 .85 225 9
25.4 30 990 570 1.15 285
25.7 40 980 650 1.40 296
26.2 50 970 720 1.60 315
26.6 60 965 760 1.85 330
27.1 70 960 820 2,20 345 :
27.9 80 960 990 2.70 367 '
29.1 90 990 1035 ° 3.20 394 1
100
2
4
|
{
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TABLE XLVII

BRAKED TEST RESULTS

Test No. 11 Tire Size 7:00-6

Soil Type Sand Tire Detlection 35 (d)

Soil Strength 42.8 (CITvg) Carriage Speed 20 ft/sec (Vﬂ)_

Station Slig % Loai_,, 1bs Dral%i3 1bs Sinkage, in. 'I‘orc;_ue';:l ft-1bs

22.9 10 390 105 .25 40
24.9 20 385 185 .35 64
25.8 30 380 220 .50 75
25.6 40 375 235 .75 90
27.1 50 365 250 .95 102
27.4 60 360 265 1.10 110
27.6 70 355 275 1.15 112
27.8 80 350 290 1.25 116
28.3 90 345 355 1.40 122
31.3 100 383 395 1.85 135
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Test No.

TABLE XLVIII

BRAKED TEST RESULTS

12

Soil Type

Sand

Soil Strength

46.5 (CI )
ave

Tire Size

Tire Deflection

Carriage Speed

7:00-6

42 (d)

20 ft/sec (V)

L Station Slig % Loaci:; lbs Dral%;3 lbs Sinka;e, in. TorqueT,' ft-1bs
22.4 10 450 130 .20 30
24,5 20 445 220 .35 60
[ 25.5 30 450 235 .47 75
k 26.1 40 445 260 .60 87
26.6 50 435 290 .75 95
26.9 60 420 320 .82 102
27.2 70 420 210 .95 106
27.17 80 430 +00 1.15 114
28.6 90 440 455 1.55 125
100
148
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TABLE XLIX
BRAKED TEST RESULTS .
Test No. 13 Tire Size 7:00-6
Soil Type Sand Tire Deflection 42 (d) ‘
Soil Strength 46, 8 (CIavs) Carriage Speed 10 ft/sec (Vﬁ)
— Setion Sli}s) % Loai:; lbs Dralgia 1bs Sinkage, in. Torqu;,' it-1bs
22.9 10 457 145 .25 37 <
24.1 20 452 190 .50 50
24,6 30 445 225 .75 55
24.9 40 441 250 1.00 57
25.4 50 440 275 1.30 63
26.0 60 435 315 1.60 70
26.7 70 435 358 1.95 76
27.6 80 433 400 2.40 85 (
29.0 90 432 440 3.00 100
100
y
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TABLE L
} BRAKED TEST RESULTS
Test No. 14 Tire Size 7:00-6
Soil Type Sand Tire Deflection 35 (4) q
Soil Strength 44.2 (CI_ ) Carriage Speed _ 10 ft/sec (V)
dVg =3
‘ {
b : - :
. Slip % Load, 1bs Drag, lbs Sinkage, in. | Torque, ft-lbs
L Station S P ﬁB 7z Y
i 21.9 10 400 95 .40 30 4
23.6 20 403 145 .85 50 1
24.3 30 400 175 1.10 57 1
24,7 40 390 210 1.30 63 |
’ 25.0 50 385 235 1.45 65
25.4 60 380 270 1.60 70 T
25.17 70 370 295 1.80 73
26.6 80 383 350 2.40 80 {
27.6 90 377 377 2.80 90
} .
32.0 100 370 410 3.25 107
p
4
s 1
4
|
|
L 150
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TABLE LI 4
BRAKED TEST RESULTS |
Test No. 15 Tire Size 7:00-6

Soil Type Sand Tire Deflection 35 (d) .

Soil Strength 45,1 (CL&vg) Carriage Speed __ 5 ft/sec (Vd) 1

{

Station Slig % Loaciz,, 1bs Dra1§1,i 1bs Sinkage, in. Torqu;,' ft-lbs |

10 “

20.4 20 400 145 .50 36 “

\

21.2 30 398 175 .75 42 *
21.7 40 385 200 1,00 46
22,1 50 375 225 1.20 50
22.5 60 375 248 1.55 53
23.5 70 380 290 2.45 60
24,8 80 375 335 3.70 70
26,5 90 370 370 4.40 82
31.8 100 385 430 4,68 124
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TABLE LI

BRAKED TEST RESULTS

Test No. 16 Tire Size 7:00-6

Soil Type Sand Tire Deflection 42 (d)

Soil Strength 45.7 (CIdVg‘L Carriage Speed 5 ft/sec (Va)

Station SliIS) % Loacllj, 1bs Drargé lbs Sinkage, in. TorqueT,' ft-1bs

19.5 10 460 109 .35 17
20,6 20 450 150 .45 27
21.3 30 445 180 .65 35
22.0 40 440 213 .90 40
22.7 50 440 245 1.30 46
23.5 60 435 290 2,00 54
24.6 70 430 340 3.05 62
26.7 80 428 395 3.95 75
30.0 90 428 460 4.65 96
33.0 100 430 465 4,40 106
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TABLE LI

BRAKED TEST RESULTS
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Test No. 18 Tire Size 8:50-10
Soil Type Sand Tire Deflection 42 (d) .
‘ Soil Strength 39.8 (Clam*) Carriage Speed 10 ft/sec (V)
M= (=3
b
. Slip % Load, lbs Drag, lbs Sinkage, in. | Torque, ft-lbs
Station < o 1§B s o
4
{ 10
20,2 290 690 240 .40 35
22.0 30 687 300 .65 71
l 24,1 40 685 375 1.05 112
’ 25.7 50 685 460 1.65 144
26.6 60 683 520 2.05 160
27.6 70 682 570 2,67 180
28.9 80 675 ol0 3.15 205
30.5 90 655 615 3.31 235
33.0 100 660 735 4,75 253
p
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TABLE LIV
BRAKED TEST RESULTS
: Test No. 19 Tire Size 8:50-10 ‘
[ Soil Type Sand Tire Deflection 42 (d) ]
Soil Strength 48.1 (Cldvg) Carriage Speed _ 20 ft/sec(_Va)___
Station su;sa % Loai; Ibs Dralgé lbs Sinkazg'e, in. Torqu’er,‘ ft-1bs ‘
| 19.5 10 690 165 .15 17 "
22.9 20 695 300 .30 85
b 24.8 30 700 360 .50 128
26.5 40 700 420 .75 170 |
b 28.6 50 675 540 i.30 230 “
29.3 60 660 580 1.60 255 ;
29.6 70 665 600 1.65 264
30.6 80 690 690 1.75 283 {
31.7 90 690 685 1,70 293
100 f
\
| 1
P
|
{
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TABLE LV

BRAKED TEST RESULTS

Test No. 20 Tire Size 8:50-10

Soil Type Sand Tire Deflection 35 (d)

Soil Strength 42,2 (CIGVB) Carriage Speed 20 ft/sec (Vu)

Station Sli}S) % Loaci:,’ Ibs DraI%,B Ibs Sinkazge, in. 'I‘orqueT,' ft-lbs
21,0 10 593 155 .20 37
23.8 20 590 247 .35 90
25.8 30 603 320 .62 134
27,0 40 598 350 .70 166
27.9 50 575 380 .65 200
28.5 60 550 420 .85 225
29,1 70 545 535 1.00 246
29.8 80 555 573 1.20 264
30.7 90 573 585 1.60 275
100
155
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APPENDIX I1II

a

GOVERNING EQUATIONS, LUMPED PARAMETER MODEL,
AND NUMERICAL PROCEDURE FOR THE TWO-DIMENSIONAL
PLANE STRAIN ROLLING MULTIWHEEL PROBLEM
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Governing Equations

The equations of continuum elasticity and plasticity used in the
lumped pa~ameter iteration method are listed in this section in the form

applicable to the lumped parameter model shown in Figure 22.

a. Dynamic Equations of Motion

.+1, +1 - i,. i, ] - i j
o (i+1,3+1) qn( J) . (1,j+1) - v (1+1,5)

pﬁ(i:j) = g (A-1a)
h/ V2 h/JZ
. o, (i,j+) -0, (i+1,§) + _(i+1,j+1) -+ (i,])
oV, §)= — t +_Nb ng (A-1b)
h/Vz h/ V2
where

U and V are the displacements in the n and { directions, respectively;

¢ and ¢, are the normal stresses and r ¢ is the shear stress;
n

! 4
p is the density of the soil;
h is the grid size; and

the dots indicate time derivatives, and i,j are indexing subscripts.

b. Quadrature Equations

tt-At ct-At (A s t- .
U= Uy an Bt AT LB aptat, g (A-2a)
2 . .
vi= vt Bty (agviAt (Ag) [2v:4ty ¥4 (A-2b)
at_ ot-at 2 togeAt, Y (A-20)
vi= vt At %['\?t’At + V) (A-2d)
where

At is the time increment, and superscript (t-At) indicates the variables

of the previous load increment.

Y
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¢. Drucker-Prager Yield Criterion

The criterion states that if the yield function, f, as defined below
is less than zero, the stress point is elastic, and if f is equal to or greater J

than zero, the stress point has yielded.

T T~ T

Yield function = f = yI + \/J -k (A-3) ‘
{ where
: I= on + og + o (A-4}
\ _1 2 2 2 2
J== (g ~g.)" + - + - +6 A-
) A n"% (cg cg) (cxg on) ’I‘nC] (A-5) ‘
<
= +
og \J(o'.n og) (A-6)
= 2 sing
b : 1 3 (3-sing) (4-1)
k= _6 . .
\/3—(3(:_:?:4, )= yield stress in shear (A-§)
¢ = cohesion
¢ = friction angle {
d. Incremental Strain-Displacement Relations
A€ G, ) = AU(, j) - AU(i-1,j-1) (A-9a)
y n h/ V2
A€, ) = AV(i-1,j) - AV(E, j-1) (A-9b)
¢ h/ V2
Aeg(i,j) =0 (A-9c)
. . . = . o . - [
Ay (i) = AU(i-1,§) - AUG,j-1)  AV(G,]) - AVE-1,5-1) ) o4
n¢ 2h/ JZ 2h/VZ
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|
'; where Aen, A Eg, and AE& are the normal strain increments,
Ay is the shear strain increment,
ng
- 1
and AU = gt o gttt (A-10a)
-At
Av = vt o yta (A-10b)

e. Incremental Stress-Strain Relations

4
Ao, =\ A€+ 2GAE_ -p + B) [, BAG) (A-11a)
1 27
p
Ag, =)A€+ 2GAE, - po( ( +BA€) (A-11b)

AW

Ar  =2GAy - ol 252X 1 BAE (A-11c)
"t L (ZI—)(Z\F ) {
o
’ where A€= A€ +A€§ (A-12) ‘
S
1+v I :

B = a- (A-13)
1-2v 6JJ_ ‘
Q=————‘-*—G————Z (A-14) 1

14 6(1+v)a
1-2v

Ev

= 1 i ' YT N

A = Lame's constant in Hooke's law (1#v)(1-2v)

G = Modulus of rigidi = '
= Modulus of rigidity =775

AW = Increment work done

= o A€ 4+ 0 A€ 4+ AY (A-15) ‘
nn n ¢ ¢ T1r1c n¢ A

1if £20 and AW>0 (loading)

and B ={

0 if £20 and AW<O0 (unloading) or f<0 (elastic)




T~

Then the stresses at time t are:

t t-At t
¢ =0 A + Ao
n n n
t t-At
o =0 A + Ao
C ¢ ¢
t t-
T =T At+ AT
ng n¢ n¢

f. Stress Correction Equations for Perfectly Plastic Yielding

(A-16a)
(A-16b)

(A-16c)

T = 2 l.
o (l-nc)on+nc[(1+6a )3 - 2ak]

2.1
= (l-nc) og'*'nc [ (1+6a )E-Zak]

o,l
¢
TV = (leq )T
n¢ el 'n¢
R
where n_-~ nd > -~
2J + 120 (k-0l)
and o', o!, and 7! are the corrected stresses,
n
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Numerical Procedure for the Development of the Computer Program

For convenience in the numerical calculations, the above governing
equations are first expressed in terms of dimensionless variables. The
dimensionless variables are ‘ormed in the following manner: the variables
having 2 dimension of stress are divided by the yield stress in shear, k (see
Equation A-8); variables having a dimension of length are divided by the
width, £, of the applied surface pressure strip: and time is divided by a
characteristic time h/V, which is the time required to travel between two

mass points.

The rise time of the pressure-time curve is divided into a number of
time increments, so the peak pressure is divided by this same number to get
the pressure increment. For each increment of time, the stresses at the
fictitious stress points in the plane (j = 1, in Figure 22) are changed by the
pressure increment according to the pressure distribution. (Pressure
increment becomes zero when peak load is attained.) Then the following

steps are performed starting with the mass point at (i, j) = (2,1):

(1) The accelerations U and V at time t are obtained by means of the
dynamic equations of motion, Equation (A-1), using the most current stresses

that are known at time t (if not known, those at time t-At are used).

(2) The accelerations at timme t and the accelerations, velocities, and
displacements at time t-At are then substituted into the quadrature equations,
Equations (A-2), to give U, V, U, and V at time t. Then the incremental
displacements, AUt and AVt are obtained from Equations (A-10).

(3) The stresses at the two stress points immediately below the mass
point (i,j) are recalculated according to the following steps for cach stress

point:

(a) The yield indicating table is checked to determine if the stress
point had yielded. (Initially, the table would indicate all stress points to be
elastic.)

161
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(b) The incremental strains at time t are calculated using the

incremental sirain-displacement relations, Equations (A-9).

(¢) The stress increments are then calculated from the incre-

mental stress strain relations, Equations (A-11), The stresses at the time

t are then calculated by Equations (A-16).

(d) The newly obtained stresses are then substituted into the
yield criterion, Equation (A-3), to check if the stress point had yieided.
The result is then recorded in the yield indicating table. Stress correction

is performed using Equations(A-17), if it were required.

(4) Steps 1 through 3 are repeated for the rest ot the mass points,

proceeding from the l=ft edge (i = 2) towards the right and then row by row

downward.

(5) Using the new stresses obtained for all the stress points, steps 1

through 4 are repeated, thus starting the iteration cycle. This is done until

the desired accuracy is reached.

(6) Steps 1 through 5 are repeated for the subsequ«nt time increments,

in which the applied pressure on the boundary is incremented according to the

pressure-time curve.

162
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APPENDIX 1V

ROLLING MULTIWHEEL ANALYTICAL SINKAGE
PREDICTION COMPUTER PROGRAM

with

Some Preliminary Remarks About the Computer Program
Procedure for Running the Computer Program

List of Symbols
Fortran Source Listing of the Computer Program
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A, Some Preliminary Remarks About the Computer Program

(a) One of the input data items to the program is the time increment,
DT. Itis calculated prior to running the program, using the stability
criterion discussed in the Phase II Final Report(l). The following procedure

should be followed:

- An approximate time increment satisfying the stability criterion

is first obtained by the formula

where h and ¢, are the grid size and the dilatational wave velocity, respectively.

- With the above approximate time increment as a guide, a smaller

time increment, At, is chosen such that
h
n(At) = tc T

where n is an integer and V is the aircraft ground velocity. The symbol tc
is used for the time required for the loaded area to traverse between two
consecutive mass points; tc is also used as a characteristic time for non-

dimensionalizing the time variable.

(b) The applied surface pressure was assumed to increase linearly to
the peak pressure through the rise time, tr, and was kept constant after

t ; t was takentobe 1.5t .
rr c

(c) Since the computer time required to run through the total number
of time increments is quite long, the computer program is written such that
a small number of time increments may be run in one computer run.
Magnetic tapes are used for saving results of one run for continuation in the
next run. This can be done by specifying in the last data card the starting

load increment number, LB, and the ending load increment number, LEN,

(d) The computer run is monitored by printing out the vertical normal

stresses, the vertical displacements, and the yield indicating table of the




et e <

region under the load intermittently; the number of load increments skipped
is given by the Index ILI. The vertical normal stresses, vertical displace~
ments, and yield indicating table of the rest of the region are also printed
out at a less frequent rate, and the number of load increments skipped in
this case is given by IEI. The other stresses and displacements are not
printed out because the volume of print-out would be prohibitively large;
however, at a much less frequent rate all results of a load increment are
saved on the output tape. The number of load increments skipped for this
case is given by JLI. The indices ILI, IEI, and JLI are all input data

specified in the ..st data card.

(e) Two magnetic tapes are required. They are set up as Units 9 and
10. They are used alternately as input and output tapes. The interchanging
of the tapes is done by specifying the integers NTI and NTO, which are both
input data items in the last data card. At the end of each run, all the results
of the last load increment are recorded on the output tape, which already
has the intermittent saving of all the results of the run. After this, all the
previously saved results on the input tape are transferred over. This output
tape then becomes the input tape in the continuation run. This rotation of
tapes is necessary to avoid holding up a continuation run due to redundancy
on the tape. The number of previous load increment results saved on the
input tape is indicated by integer NT1. The position of the particular load

increment results needed to make a continuation run is indicated by the integer

NT2. The number of load increment results on the input tape that are to be
transferred to the output tape is indicated by the integer NT3. NT1, NT2,

and NT3 are input control indices specified in the last data card.

(f) The numerical value of each element of the yield indicating table

supplies the following information:
() If -1,0<YIT< 0,0, the stress point is elastic.

(2) If -10.015< YIT< -10.0, the yield function is greater than
zero but has not exceeded the tolerance for yielding (which is 0.015 in this

case), thus, the stress point is still considered elastic.
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(3) If 0.0 <YIT < 10. 000, the stress point has yielded and is
loading, and no stress correction was applied. The digits to the right of the
decimal point give the stress correction factor (1 - nc), which is a number
between 0.0 and 1.0. The four digits left of the decimal point gives the

value of the yield function which is a number between 0.0 and 1. 0.

L (4) If 30000.0 <YIT<40000.0, the yield function has exceeded

{ the tolerances for stress correction, and stress correction has been applied,
L The digits other than the ten thousand place digit gives the same information
3 as (3).

(5) If 20000.0 < YIT < 30000. 0, the yield function is negative but

has not gone below the tolerance (-0.015) for becoming elastic again, thus,

the stress point is still considered plastic. The digits other than the ten
thousand place digit give the same information as (3).
P (6) If 40000.0< YIT< 70000. 0, the stress point is plastic and

unloading. The digits other than the ten thousand place digit give the same

information as (3).

(g) Before making a continuation run of the computer program, with 4
the soil medium being still all-elastic, the value of the cohesion may be
changed without affecting the results, However, since the stresses are

normalized with respect to the yield stress in shear which is proportional

to the cohesion, the values of the stresses must be converted by the con-
version factor, CONV, during read-in of the tape data. This is done by

specifying the control index ICV; if conversion is desired, ICV = 1; if )
conversion is not desired, ICV = 0. The value of the cohesion of the saved

data on tape must also be specified as an input data.

(h) The tolerance for unloading is WOT specified in the second data
card. A preliminary value for it may be calculated by the formula 1
2 At ?
Ny |

C

(pmax

Tolerance for unloading =

5(A + 2G)




—

where pmax is the peak contact pressure (tire vertical load/contact area),

A

Aand G are the elastic ccistants, and At and tc are defined in Item (a).

B. The Procedure for Running the Computer Program

(1) Specify on the first data card a title of length less than 24

characters including blank spaces.
(2) Specify the next four data cards:

Second Card - Specify five soil parameters; weight density (psf),

Poisson's ratio, Young's modulus (psi), cohesion

4 4

(psf), and friction angle (degree); 4
Third Card - Specify four load parameters: aircraft ground

velocity (inches/sec), tire tootprint length (inches),

peak contact pressure (tire vertical load/contact

area, psf), and tolerance tor unloading (dimension-~
less);

Fourth Card - Specify computational parameters: space grid size
in the x~direction (inches), space grid size in the
y-direction (inches), time increment (seconds),
number of grids in the x-direction, and number

of grids in the y-direction (use 29);

Fifth C~rd - Specify the I-subscripts of the border riass points
of the loaded areas. The tirst two is for the left
pressure strip and the other two is for the right

. pressure strip.

(3) Specity on the sixth data card the value of the cohesion of the
saved data on tape if conversion is desired. If conversion is not desired,

a blank card must be supplied (see Item g).

(4) Prepare two magnetic tap2s and set them up as Units 9 and 10.
Specify on the second-to-last data card the tape numbers of these, arranged
with the tape number for Unit 9 first.
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(5) Specity the last data card. Sixteen integer numbers are required.

Ten of them must be the tollowing, the other four may be specified accordingly:
1 (LEN) (ILI) (IEI) (JLI) 0 0 0 O0 1 9 10 0 0 1 100

LEN is the ending load increment number, Itis necessary to have it equal
to integral multiples ot JLI. ILI, IEI, and JLI has already been discussed
in Item (d). It is necessary to have JLI equal to integral multiple ot ILI.

It is suggested to use LEN = 50, ILI = 5, IEI = 5, and JLI = 50.

(6) To make a continuation run, the last data card is the only card
needed to be changed. The information needed to change the card is always
printed at the end of the preceding run. Only LEN is needed to be supplied

by the operator.

C. List of Symbols

AL Lame constant (A) in pst; later becomes dimensionless
(A/Kk)

AP Soil pa rameter (ay)

BE A variable in the plastic relation related to the stress
invariants (B)

c Cohesion (c) in psf

cy Dilatational wave velocity in tps (¢ 1)

cz Shear wave velocity in fps (c;)

CONV Conversion factor for cohesion (c); (see Remarks, Item g)

CO1 Nondimensionalizing constant of th.e equation of motion

DFU, DFV The value of the maximum percent cenvergence ot

7 and { displacements between successive iterations
among all ine mass points

DT Time increment (At) in seconds
DTT Dimensionless time increment (—?—t—)
DU, DV Percent convergence ot the andZdisplacements
between successive iterations
E Young's modulus (E) in psi
EX, EY, EXY Strain increments (A "n’ Acc, and AYTI C) at time t
168
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FC
FPL

FMS, FMW, FMY

G

HH

I

IBD(1), IED(1)
IBD(2), IED(2)
1C

ICv
ILI

ILL
ILP

IMV, MOV
ISF

IT

J

JA

JLI

LB

LEN

LPP
Ml

Yield function

Tire footprint length (£) in inches; width of loaded
area (b)

Variabie tormat tor printing out vertical stresses,
vertical displacements, and yield indicating table

Shear modulus (G) in psi; later becomes dimensionless
(G/k)

Grid size in the x~-direction; the distance between
mass points (h) in inches; later becomes dimensionless

(h/2)

Twice the grid size (2h)

Index in the x-direction (i)

Limiting i-index for trailing loaded area
Limiting i-index tor leading loaded area

Index tor controlling the particular surrounding stress
point to be calculated

Conversion control index (see Remarks, Item g)
The number of load increments skipped in the print out
Load increment index

Index tor controlling which load increment is to be
printed out

Moving boundary control indices

I-subscript modifier tor moving the finite region
Iteration index

Index in the z -direction (j)

Index for controlling, during the tinal iteration, the
entry to program for checking if the stress point has
yielded

The number of load increments skipped before partial
resilts are saved on tape

Starting load increment number for the particular
computer run

Ending load increment number for the particular
coraputer run

Index for indicating first plastic point occurring

The number of grid points in the x-direction
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N
NIT, NOT

NLM

NT1l, NTZ2, NT3
NTC

NTI, NTO

NTR

P

PH

PHI

PI

PKP

PO
RAT
RHO
SI

SIK

SJ

SS

SX, SY, SXY

SXS, SYS, SXYS

SXT, SYT, SXYT

Sz

SZZ
TC

™

The number of grid points in the downward direction (N')

Input-output magnetic tape unit numbers tor saving
results in continuation run

Number ot load increments tor the tire to move through
a space grid, h

Control indices (see Remarks, Item e)

Load increments counter between two mass points

Input and output tape unit numbers

Number ot load increments through the rise time

A constant in the plastic relation (Q)

Stress correction factor (1)

Frictional angle (@) in degrees; later becomes in radians
Applied pressure increment during pressure increases
Peak surtace pressure in psf (vertical load/contact
area) (Pmax)

Poisson's ratio (v)

Stress correction factor (1 = n)
Weight density (p) in 1b/ft3

The current applied surtace pressure that is prescribed
at the tictitious stress points

Dimensionless applied pressure increment
Second stress invariant ot the stress tensor (J)
First stress invariant of the stress tensor (I)

Normal and shear stresses in the (n,( ) directions
(an,aé-, T_n() at dme t

The stresses ct the previous iteration at the
surrounding stress point being conridered

Normal and shear stresses in the (n,() directions
(U,n: 0{: Tn() at time t-At

Vertical normal stress (az) x 102; use for print-out
purpose
Normal stress in the direction normal to (‘n,c)

Time required ifor tire to move through a space grid
(b) in seconds. (Taken as characteristic time)

Time in seconds (t)
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U, UD, UDD

UB, VB
UDB, VDB
U1

UPL

UuT, UDT, UDDT

V, VD, VDD

VA
Vi

VT, VDT, VDDT

W

wO
wWOT
YI
YiT
¥S

Displacement, velocity, and acceleration in the
n~direction (U, U, U) at time t

Temporary storage tor displacements at time t
Temporary storage for velocities at time t

Displacement increment in the n~direction (AU) at
time t

A variable for indicating unloading (B); UPL = -1.0 is
not loading and UPL = 1.0 is unloading

Displacement, veloc1ty, and acceleration in the
n-direction (U, U, U) at time t-At

Displacement, veloc1ty, and acceleration in the
{-direction (V, V, V) at time t

Horizontal ground velocity, Va, of aircraft in ips

Displacement increment in the {~direction (AV) at
time t

Displacement, velocity, and acceleration in the
{-direction {V, V, V) at time t-At

Vertical displacement (w) x 106 in z-direction, use
for print-out purpose

Incremental plastic work done (AW)
Unloading tolerance

Yield indicatirg table at time t
Yield indicating table at time t-At

Yield stress in skear (k) in psf

D. Fortran Source Listing of the Computar Program (see succeeding pages)

(Written for WPAFB IBM 7094 Computer. A version for the WPAFB
CDC 6600 is available, but not listed here.)
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$SLTuP v
$ScTUP 10
$13Jub

$IsFIC MMVSPC

C  HLNKY LUMINu

(TAPL‘ NO.)
(TAPC NO.)
MAP, ALTIO

M344 XR7
LD RESEAKCH INnNST.

C PRUGRAM FOR ROLLING mULY f-wHeet ANALYTICAL SIakALE PRLUICHIUN
C  MAIN PROGRAVM CALLINSG THE FOUR OVLRLALD SUbROUTINES
CUMMUN/UUMMYZ VO(49529)y UU(24429)

£ o N -

SX(49429)y SY{(49,29) ¢ SXY(49,29),

UTL49429) 00T (49,27)50000(4F927)y UL(49429),
VT(49129)1Vl)r(49,2‘))1VUUT(‘!912‘))' Vi{a9,29),
SXT{49929)4SYT149,29) 4 5XYI149429),YIT(43,929)

COMMON/SDATY/ MDDl oNsrtoNL o4 oST o SIKesLULsHHsCITeALSGUPLLC

1

COJ'p,AP,AﬂpyLPPQSGRZ'WUr,NLM'NTR'IGU(Z)PICU(Z)

CuMMOA/CONTRILG yLENy ILT o T LPy TLL 9 [ OL T s JLL oy td T L g NT2 01t l 3ot TUINTEy

1

NITo JUT odTCoaNLUOL20) 0 [JetUV,s IMV ISF

CALL SvATI
CALL SDATE ($459)
CaLL SCALC
CALL PROUI

99 STOP
EnD

THE FULLOWING IS A MAP SUB-PROGRaR TG DEFINe THE FilleS FOx THe TAPE

UnITS 8y 9,

$I5MAP MMIAPE
ENTRY
oUNOO o pli-.
uUidlTub FILE
ENTRY
+UNUY. PZEC
UNITUY FILL
LNIRY
LUnNl0. PLE
UNITL0 FILE
= NU

$ORIGIN
$IBFTL MMDATIL

10.

+UNOE,.
UNITCS
oB({1 ) READY » INOUT o 3INsBLK=250
+UNOS,
UNITQ9
e B2 ) READY 2 INUJT s INeBLK=Z250
«UNL1 Q.
UNITI10
s B3(3 )y READY, INUQUT,5INyBLK=250

SEGL
M4, ART7

SUBLROUTINE SDAT1
C THIS SUBROUTINE READS IN PARAMETER UATA ARD DUE> 50ME PRELIMINARY
C CALCULATIONS.

CUMMON/DUMMY/ VLI 49429)y UD(49429),

S w N -

SX(49429)s SY{49y29)y SAY{49,29),
UT(49+29) euUT 149+29)+U0D0T(49429)s Ull49429)s
VT149429) 4VDT(494+29)yvDLI (49929)y VII49,29),
SXTU49929) ¢SYT149429)15AY1149429)2Y1T(49,29)

COMMON/SOAT/ TMeDT eNsMeNLsMIoSTeSE{KeCULoHHoDI T+sALGULIPUWC

1

L03,P AP AAP  LPPSQRZ e OT o NLMaNTRy IBD( )4 1ED(2)
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CUMMON/CONTK/LBoLENy ILT s ILPy IETy [EpJLT 9 JLL o NTLyNT2yNT3oNTONTI, 3
1 I\'IroNUTONTCQNLU(ZO)OIJB'MUV’IHVDISF
DIMENSION  TITLE(4) ;
C XEAD IN AND WRITE TITLE OF THE RUN. :
RLAD (5,129) TITLE
WRITE (6+144) TITLE
READ IN DATA ~ FIRST READ CONSISTS UF SUIL PAKAMETERS
SECUND READ CONSISTS OF LUAD PARAMETERS
THIRD READ COWSISTS OF COMPUTATIONAL PARAMETEKS
READ (5,100) RHO,PUsECoPHI
READ (55101) VA,FPL4PKP,WOT
READ (5,102) #,UT,MyN
NL=N-1
Ml=M-1
CALCULATE OTHLK SUIL PARAMETERS AND PRINT THEM QUT FOR REFERENCE
G=144.%E/(1.+P0)/2.
C2=SQRT(G%*32. 2/RHD) <

[aNeNe!

(@]

P

CLl=C2%(2.%(1a=PU)/({Le=2.%PU) ) %%0.5
AL=2.%P0%G/ (Ll .~2.%P0)
WRITE (64103)
WRITE (6,104) RHO,PO,E,64C2,C1
WRITE (6,105) C,yPHI ‘
PHI=PHI*3.1415927/180.
CC=(3,-SIN(PHI) ) %3, %%(,5
AP=2 . %S IN(PHI )/CC
AAP=APRAP
YS=6.*%C#CUS{PHI ) /LC
TC=H/VA
NLM=TC/DT+0.001 -
WRITE (64106) AP,YS ‘
WRITE {6,111)
WRITE (649113) VA,FPL,PKP,NLM |
WRITE (6+4107) 4
WRITE (64108) HyDT,MyN,WOT {
WRITE (6,109)
WRITE (6+110) FPLWTCoYS
C NON-DIMENSIONALIZING ALL PARAMETERS AND CALCULATE SOME CONSTANTS THAT
C WILL BE USED IN THE LATER LOOPS
AL=AL/YS *
G=6/YS |
GG=2.%G
H=H/FPL
SUR2=50QR1(2.) -
HH=H%SGQR2 1
FPL=FPL/12. |
DIT=DT/1C
COL=YS*TCATC*32.2/(RHO*FPL*FPL) 4
CU3= APX(1.4P0)/(1l~2.%P0)
P=56/{0.54¢3 . %CO3%AP)
OTG=DTT*GG
DIP=DTT*P
NTR=1.5%FLUAT (NLM) 1
PI=~PKP/FLOAT (NTR)
SIK=PI/YS
PKPK=PKP/YS 1
WRITE {64115) PKPKePl+SIKsNIR ‘
R TURN
100 FORMATIFB8.1,F6.2y3F8.1)

Aoty
i

o
¥

i,
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LOL FURMAL (2Fl0.3¢F10429E10624215)
L0c FORMAT (FB.34E12.0,4215)
103 FUKMAT(1HL»19%, ISHSUIL PRUPLRTILS)
104 FURMAT(23Xy HLENSIT1Y 4 L7XeOHKHU =++1Ue1elOH LBS/7CU=FI1/
23K 14tPOTISSONS RATICo 11X e4HPO =4F10.2/
23X 14-YUUNGS MUUULUD 912Xy 3H: =9F10e194H PSIT/
23Ky L3HSHEAR MUDULUSDy 13X 3HG =4F1GelyLlOH LBS/SQ-+1/
23K+ 29HSHEAK WAVE veLUCITY C2 =4F10ely?n FT/StEC/
23X 290 LATATIONAL wAVE Vel Cl =9F10.1y7H FT/5LC/77)
105> FURMAN (234 cHUHMESTUNY 13Xy 3140 =3 F 10,19 10H LLS/S0-FT/23X,14HFRICTIO
LY AGGLE o 1UX suPH] =sFlUJle4H DELS/)
100 FURKMAT(¢3 XA, 29MFUR YIELY CRITERIA
1luh LuS/ZSL-1T/7)

107 FURMAT(1HU . 1949 244CUMPUTATIUNAL PaRAMETERS)
100 FURMAT(Z235K 1D1SPACL MESH,

v oW N -

ALPHA =,E16.B/49K43HK =,E16.8

LIoAeg31H =41 104,30 [1/723Xe29HBASIC TiMme INCKEMINT VI =,
LFLU T4 5aG/ /234 LIHNUMBER UF 141549304 =914/23Xy LIHNUMBER OF J,
319A3HY =0]a/ 73X 2IHUNLUAUL NG TULLRAWGE WOT =41PLL0.277)

107 FURMATULHU . 1224y SOHCHARALTERISTIC PARAMETERS FOR NON-1 IMENS IONALIZI]
LNL)

LU FURMAT (23K, 3LHLENGTH —— FOUTPRINY LENGIH = FPL =+F10.2+3H IN/
1 23X936HTIMe - H/Vna = TC =,4F10.544H SEC/
Z 23X936HSTRESS —— oHHEAK YILELD STRESS = K =9F10.2,10H LBS/
3St~FT/77)

Lii rURMAT (L1HO «L9Xe15HLUAD PARAMeTERS)
112 FURMAT (1n/77)

Ll3 FURKMAT (23£929HAIRUKAFT GRUUND VeLOLITY VA =,F10.3,7H IN/SEC/

1 23X+Z29HIT[RE FUUTPRINT LINGTH FPL =4FLl0e303d Iii/
2 23X429HPEAK APPLIEUL PRESSURL PKP =,F10.191L0H LBS/SQ-FT/
3 23X 29HNU. OF LOAD INCRCMENTS NLM =,1377)

i1 FURMAT (110 419X,24HPRESSUKE RISE PARAMeTek S/

1 23Xy 38BADIMENSIONLESS PEAK PRESSURE =y 1PE16.7/
< 23X9 3BHPREZSSURE TNCREMENTS —--UIMENSIUNED =y 0PF16.5,
310H LAS/SG-FT/45K+ LOHUIMENSIUNLESS =,1PEL6. 1/
4 23Xe38HNU. UF TWCREMENTS I[N RISE TIME = NTR =,110///7)
Le9 FURMAT (44L6)
L44 TOKMAT (L1H1///771H094TXy42HMULTI-WHELL MOVING LUAD SINKAGE PKEDICTI
LON/ /59X +44406)
END
sUATLIN St6l
dloFlt MMDAT2 M4, XR7
SULKOUTINE SDATZ (*)
€ TulS SUBROQUTINE CONTINUES SUBROUTIHNL SUATL AND LEROES ARRAYS WR
C  RuADLS DATA FROM TAPE.

CUMMON/DUMMY/ VU(49429)y UD(49429)
SX{494929)y 5Y1(49,29)y SXY(49,29)
UT149423) yULT(43929) ¢+UDUT(49429)9 UI(49529),
VT(49929),VDT(49929) s VUDT(49,29) ¢ VI(69,29),
SXTU4F923),8YT149,29),5XYT(49,29),YIT(49,29)
COMMGON/SDAT/ TMeDT sNoMeNL oML oSTeSIKeCUOLsHHsDTTeALeGL+PUCo
CO3:P AP AAPLPP,SQAR2,WOT ,NLMsNTR, IBD(2),[ED(A)
CUMMON/CONTR/LBYLEN IL Ty ICPy IET o ICs JLE pJLLoyNTRAJNT2,nT3,iVTOLNTE,
1 MToNOToNTCoNLO(20) e 138« MUV IMV.TSF
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READ IN LIMITING INDICES FOR LUADED AREA AND CALCULATE aPPLIED
PRESSUKRE INCREMENT, SIK.
READ (55141} IBl.IENL.IB2.1ENZ
WRITE (64110) IBLIIENL,IB2,IENZ
KEAD IN THE VALUE OF THE COHESIUN UF THi TAPE DATA WHICH IS USEL FIR
CUNVERSION.
READ (5+140) CT
READ IN TaPE NUMBERS OF THE TAPc SETUP UN UNIT 9 AND 10,RESPECTIVELY
READ (54141) NIT4NUT
KEAD IN STARTING LOAD INCREMENT NUMBER AND ENDING LOAD INCReMENT
WUMBER, AND OTHER CONTROL INDICES. CALCULATE THE PRINT CONTROL
[NUICES, THt TIME OF THE PULSEt, AND THE INITIAL APPLIED PRESSURE SI.
AND PRINT OUT FOUOR REFEKENCE.
READ (545141) LBsLENSILI2TEL s JLIaNTCoNTLeNT2oNT3sLPP NTIZNTQ, ICY
1 + MOV, TJBy MV
ILP=L3+]LI-1
le=LB+1EI-1
JLL=Luv+JLI-1
BL=L3-1
TM=BL%DT
IF (LB.GT.NTR) BL=NTR
SI=8L*SIK \
LTL WRITE (64117)
WRITE {(6e118) LBeLENeSIeSIKeTHM
WRITE (69135) LByLENsILIoEET»JLToNTLeNTLyNT2,NT3,LPP,NTI,NTO,ICV
1 2 MOV, 1JB,y TMV
LN=(LB-1)/NLM
ISF=0
IF (LS«GT.IMV) ISF={LB-1-IMV)/NLM+]
WRITE (64142) ISF
IFf (NTC.EQ.NL¥) LN=LN-1
IsD(1)= 1L1+14LN
1BD(2)= 1B2+1+LN
TED(L)=1ENL+1+LN
IEN(2)=1EN2+1+LN
I1F CONVERSIUN IS NEEDEDy CALCULATE THE CUNVERSION FACTOR FUR THE
STRESSES.
IF (ICV.EQ.D) GO TO 159
CuNV=CT/C
159 CONTINUE
IF (LBeNE<l) GO TO 164
LF THIS IS THE VERY FIRST RUN, AtLL STKESSES> AND DISPLACLMENTS ARE
FIRST SET EQUAL TO ZERO, AND THE YIELD INDICATING MATRIX 1S StT 71O BE
ELASTIC
D0 7 J=1,4N
DO 7 ‘=17M
ubDtli«Jd)=0.
vO(1,4)=0.
UT(1+J)=0.
VIi{i,4)=0.
UDT(1+4)=0.
VDT(1,J)=0.
ubDTlI+4)=0.
VuDT(1+J)=0.
Ulll+J)=0.
VI{1:J)=0.
S¥(L+4)=0.
SY{I+J)=0.
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SXY(1+d)=0.

SXT{14J)=0.

SYT(I,J)=0.

SXYT(I,4)=0.

1 YIT(l,yJ)=-1.
RETURN

L AEARRANGE DESIGNATION OF UNIT OF TAP:S UEPENDING UN NT{ AND NTO
164 TF (NTT.EQ.9) GU TU 173

T T w v ——~

fLL=NIT J
f NIT=NOT

NUT=TLL
f 1735 WRITE (6,134) NIT

IF 1HIS IS A CUNTINUATION RUNy THE STRESSES, UDISPLACEMENTS, AND
YIELD INDICATING TABLE OF THE PRECEDING RUN ARE REAU IN FROM INPUT
TaPt. DATA READ INy 1 NO RcUUNDANCY OCCURREU, ARE SAVEUL IN DISK
UNIT 8 FOR TRANSFER TU OUTPUY TAPE.

DO 162 1=1,NT1

READ (NTI) UTUDTsUDDT sUL s VT o VDT VOUT VI aSXToSYTSXYT,YIT
ILL=SYT(1l,.,1)

WRITE (6,139) ILL

IF (1.NEWNT2) GO TO 162

WRITE (8) UT,UDT,UDDT UL, VT oVOToVOUTsVEeSATsSYTaSXYTAYIT

162 CUNTINUE

C REAL FROM DISK UNIT 8 THE DESIRE STARTING STRESSES AND DISPLACEMENTS

C FOx THE CONTINUAT ION RUN.

IF (NT2.EQ.U) GO TU 175
REWIND 8
174 READ (8}  UTUDToUDDT UL VToVDToVUUT VI ¢SKTySYToSXYT,YIT
ILL=SYT(1.1)
175 1F (ILL.NEJ(LB-L)) RETURN 1
RCWIND NTI
NT1=0

C cQUATe THE CURRENT DISPLACEMENTS AND STRESSES WITH THE PREVIOUSLY

C SAVED DISPLACEMENTS AND STRESSES. MAKE STRESS CUNVERSIUN [F THE TAPE

C DATA IS WORMALIZED DIFFERENTLY.

VO 8 J=lai 1

DO 8 I=1l.M

VoL, d)=UuT(1,J)

VDT ) =VOT (1+d)

IF (JeNE.1) 60 TO 9 |
SX{Is11=0, {

% SY(1,1)=0.

5XY{I+1)=0.

SXT(I,11=0.

SYT(I,1)=0, .
SXYT(Is1)=0. ,
Gu 0 8

9 IF (IuV.EQ.0) GU TO 176 ‘
SXYTUI «J)=SXYT{I+J)*CUNV 4
SYT{I4J)= SYT{I,d)*CUNV
SXTUled)= SXT(I,J)*CUNV

ro—
cooo

-

170 SX(I,d)= SXT(I4d) ) 4

SY(Ied)= SYT{1sd) '

SXY{19d)=5XYT(14J) :

s CUNTINUE ]
NT2=0

REWIND 8 ;

RETURN
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llo FURMAL 120X +28HSTARTING LUAL BURDER INOICES//

1 25742THIBL1 IEN1 182 [EN2Z /720X4516/4)

117 FURMAT [1H1,18X,34HPARAMETERS FOR THIS PARTICULAR RUN)

118 FURMAT (23X»37THSTARTING LUAD INCREMciNT WUMBER LB =+16/23Xe 3THcND
LING LOAU INCREMENT NUMBER LEN =,16/23X,37THSTARTINS SURFACE PRES
25URE SI =¢1PELT7.791611 (UIMENSIUNLESS) /23Xy 3THPRESSUKE (OR L
30AD) INCREMENT SIK =41PELTe7sL6H (UIMENSIUNLESS) /23X 13HSTARTIN
4G TIME+20X9s4HTM =40PF12.744H SEC//)

135 FUORMAT (1HO,18Xe32HLAST DATA CARD OF THIS RUN IS---//
225X 7TTHLB LEN ILI I€1 JLI NFTC NTL NT2 NT3 wPP NI[ NTO
3ICV MOV 1J4B  IMV//22XsY615/777)

138 FURMAT (1HO,18X,11HTAPE NUMBER+16,54H CONTAINS THE RESULTS OF LDA
1D INCREMENT RMUMBER ILL =//)

139 FORMAT ({23X.15)

140 FORMAT (5Fl1.2)

141 FURMAT (1X,1615)

142 FORMAT (18X,34HBORDER INTERFACE LOCATIUN-~---ISF =,13///) A
END
$ORIGIN SEGL

$IVFTC MMCALC M94,.XR7
SUBROUTINE SCALCG

C THIS SUBROUTINE UOES THE MAIN CALCULATIONS UF THE ITERATIUNSs PRINTS

C OUT NEEDED ReSULTSe AND SAVES RESULTS ON TAPES.

COMMON/DUMMY/ VD(49,29), UD(49,29), i
SX(49429) s SY(49929)s SKAY(49429),
UT{49+29)sUDT(49+29)2UDDT{4Y+429)s UI(49+29),
VI(49,29)sVUT(49929)9VDDT(49929)e VI(49,29),

SXT(49429)4SYT(49929) 9SXYT(49,29),YIT(49,29)

CUMMON/SDAT/ TMyDToNeMeNLsMLySIySIKyCULsHHyDTT yAL+sGLsPUSCo

W N -

1 CO3+PeAPsAAP+LPP+SQR2 yWUT ¢ NLMNTR IBO(2) 4 ILD(2)
COMMON/CONTRZLBSLENyILIoILPyIET o 1E9yJLI oJLLINT oNTZ2,NT3yNTO,NTI,
1 NIToNOToNTCoNLOL(20), [JB oMUV, IMV,{SF

C IHE FOLLOWING DATA STATEMENTS SUPPLY THE VARIABLE FORMA({S.
LOGICAL FRNT,LAST
SIF{VLIaVZ2y V3, V4)=SQRTII(V]I-V2)¥¥24+(V2-V3)*¥%x2+(V3-V]1)%%2)/6.+V4*V4)
C STARTING POINT OF MOST OUTER LOOUPs FOR CALCULATION OF EACH LOAD
C INCREMENTS.
UPL=- le
1Y=0
169 DO 250 ILL=LBsLEN
LPT=0
TM=TM+DT
C SET PRESCRIBED APPLIED SURFACE PRESSUREL.
NTC=NTC+1
IF {NTC.LE.NLM) GO TO 8
NTC=1
IF (MUVL.EQ.L) 148=14B+1
DO 3 K=1,42
I8D{(K)=1BL(K) +1
3 IEDUIK)I=IED(K)+1
IF {(ILL.LE.IMV) GO TO 8
ISF={ILL=TIMV)/NLM+1
DO 160 J=l.N

177

,J




T

SX{iSF+J)=0.
SY{'SFsJ)=0.
SXY(ISFed)=0.
SXT{ISFsJ)=0.
SYT{ISFyJ)=0.
SXYT(ISFsJ)=0.
UI({ISFeJd) =04
VI{ISF+J41=0.
UTLISE+L14d17C
VItISF+ledi=U.
UT{1SFsJ) =0
VT(ISF:J1=0.
tou YITUISFedl==le
RNT=FLOAT{NTC)/FLUAT(NLR)
IF (1LL.LE.NTR)  SI=SI+SIK
OU 13 K=1,2
18=180(K)
1eN=1ED{K)
IF (TB.LT.IBLIYYY wU TO 13
DU 11 I=T1Bs1EN
I+ (1.kQ. IB) OO TO 4
IF (1.EQ.IEN) U TO 5
AST=S1/2.
. Gu 1O 7
’ 4 ASI=(1.~RNT)*S1/2.

P T T T .~ ———— Y
&

o0 1017
» ASI=RNT%S1/2.
7 SX(1,1)=ASl
SY{I41)=AS1
SXY(I+1)=A51
SXT(l,1)=AS1
SYT{1,1)=AS1
SXYT(I41)=AS5{
11 CONTINUE
15 CONTINUE
1=18D1(1)
1en=1£0(1)-1
| i MK=M
: I1F (ISF.GT.0) MK=ISF
i C STARVING POINT OF THE ITERATTIUN LUULP.
JA=1
I1T=0
6 IT=1T+1
LAST=JALEQ.2Z
DFU=0.
LUFV=0.
C STARTING POINT FOR THE LOOP INCREMENT INGL EACH RlW GOING DOWNWARD
D0 83 J=1¢N1
JP=J+1
DL 83 1Q=2,M1
! C THL FOLLOWING 8 STATEMENTS MODIFrY THE I-INUEX FOR REVOLVING BUUNDARY
I=1Q+]ISF
IE {1-M) 16151634165
L6l IP=I+1
, GO 10 9
B 163 1pP=1
Gu 10 9
165 1=1I-M
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IP=1+1
CALCULAIEs AT EACH MASS PUINTs THE ACCELERATIUNS FRUM THE ODYNAMIC
cQUATLIONS OF MOTIUN. THE PARTICULAR cQUATLIUON TO USE UVEPLNULS ON THE
LOVAT [un UF THE MASS PUINT.

¥ UDD=CUL* (X (122 )=SX{1+d)40XY(1edP)=S5AY(IPsJ)/HH

VOD=CUOL%(SY (] dP)=SY [P )+0XY(IP,JP)=5XY(1,yJ))/HH
CALCULATE THE DISPLACLMENTS AND VELOUITIES AT TIME T 4 UM THE
SUAURATURE EQUATIGNS.

lv Vo SUTCT o )+uT UL (1) +OTTRDITREULDT (T4 J)¥2. 400D ) /0,
Vs VIl J)4+UTTI®VUT (L4 JI+OTTXDTTR{VUUT(I,J)%2.+VUU}/ 0.
Ubs =UDT LTI +DTT=UODT (T, d)+UND) /2,

Vo =VOT (T J 40T I (VODI ([+Jd)4vID)/2,

It (ITeNESLl) oD TU 12
Uvll,Jdi=uud
vulled)=vLB
S0 1) 14
avedaovk WiITH THE D1ISPLACEMENTS FRUM THE PRECEDING ITERKATION
12 U=sult(l,Jd)+U1(1,40)
VaVT{leJd)+VI(Ied)
Us={Us+u) /2.
vB=(VB+V)/2.
UL L,J)=(UDB+UD{T,d)) /2,
VOUL ) =(VOL+VD(T14d)) /2
lu CALLULATE THE ULISPLACLMENY INCKREMLNTS
14 UL{I,d)=U8~-0L11(1,J)
VI(L+Jd)=VvB=Vi (]1.+J)
IF (JA.NEL2) L0 TO 17
VLTI 1,J)=UbU
VODI(1+d)=VOD
17 IF (IT.LEL2) 6O TO 20
CALCULATE THE PERCENT LUONVERGENWCE UF THU VERTIULAL UISPLACEMENT
BETWEEN THIS ANU THE PRECEDING ITExATIUN. LOCATE THE LARGESY PERCENT
ANL SAVE IF FUR LATcR RLFERENCE.
IF (ALS(U) eLT.1.0E-30.0ke ABSIV)LTeloUL=30) LU TU ¢O
Du=A3S (UB/U-1.)
Dv=A3S(VB/V-1.)
IF (DUJLELUFU) L0 TO 18
DFU=LU
ILu=ILL
[Tu=17
1U=1
Ju=J
18 IF (DV.LE.DFV) (O TO 20
DFV=0V
ILv=1ILL
1Tv=11
fv=1
Jv=J
CALCULATE THE STRESSES OF THE IwD STRtSS PUINTS BELUW THE MASS PUIN1,
INDEX IC INDICATES WHICH STRESS POINT 1S BEING CONSIUVERED.
1C=1 IS THE ONE ON THE KIuHT
1C=2 IS THE ONE ON THE LEFT
20 1¢=1
K=1Ip
L=JP
22 KM=K-1
IF (KM.EQ.0) KM=M
LM=L~-1

e o N < T T T Sy
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FRNT=1CoEQe 1o AND. K NE o MK
SAVE THE STRESSES OF THE PRECEDING ITtRATION.
$XS= SX(KeL)
SYS= SY(KsL)
SXYS=SXY(K,yL)
YITS=YIT(KyL)
LALCULAYTE THE STRAIN INCREMENTS.
EX=(UL (KoL) =UI (KMsLM) )} /HH
EY=(VI{KMyL)=VI{K,LM)) /HH
EXY=(UT(KMsL)=UT(KoLM)+VI{K, L)=VI(KMsLM)V/HH/2.,
EE=AL*(EX+EY)
CHECK THE YIELD INDICATING TABLE TO DETERMINE WHICH STRESS-STRAIN
RELATION TO USE.
IF (YITS.GE.O0+<AND.YITS.LE.40000.) GU TO 35
>TRLSS POINT IS ELASTIC.
SX({KsL)= SXT(K,L)+GGHEX+EE
SY(KeL)= SYT(K,L)+6G*EY+EE
SXY (KoL )=SXYT (KoL) +GG*EXY
GO T0 50
35 STRESS PDINT IS PLASTIC.
35 yPL=-1.
WO=SXS®E X+ SYSHEY+SXYSHEXY
SZS=PU*(SXS+5YS)
SS=SXS+SYS+SZS
SJ=SJF(SXS+SYS+SZSsSXYS)
BE=C03~-55/SJ/6.
SJ2=5J%2.
WE=(WO0/SJ2+BE*EE/AL) %P
SX(KsL)= SXT(KsL)+GGREX+EE-(SXS/SJI2+BE)RHE
SY(KsL)= SYT(K,L)+GG*EY+EE~(SYS/SJI2+BE)*WE
SXYTKyL)=SXYT (K+L ) +GGREXY-SXYS*WE/SJ2
50 CHECK IF THE STRESS POINT HAS YIELDED. THIS IS DONE ONLY FOR THE
FINAL ITERATIUN. JA INDEX CONTROLS THE ENTRY.
50 IF (NOT.LAST) GO TU 64
CALCULATE THE YIELD FUNCTION
SS=SX(KsL)+SY(KyL)
SZZ=PO*SS
$$=5S+S22
SI=SIFESX(K L) s SY(KaL) ¢SZZsSXY(K4sL))
FC=AP*SS+SJ-1.
CHECK IF THE YIELD FUNCTION IS GREATER THAN THE TOLERANCE ABOVE ZERU,
AND MAKE THE APPROPRIATE CHANGE IN THE YIELD INDICATING VABLE
IF (FC.6T.0.015) GO TO 55
IF (YITS.LT.0.) GO TQ 53
1¥ (FC.GT.-0.015) GO 1O 55
53 IF (FRNT) GO TO 66
YI=FC
IF (FC.GT.04) YI==10.-FC
GO 10 64 - ‘

55 STRESS POINT HAS YIELDED. CHANGE CONTROL INDEX TO SAVE D:TA OF THIS
LOAD INCREMENT ON TAPE. CHANGE THE FORMAT OF THE YILLD INDICATING
TABLE PRINT OUT.

55 IF (FRNT) GG TO 58
IF (LPP.NE.1) GO TO 56
LPP=2
CHECK FOR UNLGADING
56 WO=SX(KsL )$EX+SY{KoL)REY+SXY (KL ) $EXY
IF (HJ.LT.~WOT) GO TO 57




I

IF (WOLGT.WOT.OR.YITS.LT.40000.) GO TU 58
57 UPL=1. A
C CALCULATE THE STRLSS CURRECTIOGN FALTUR.
58 SOSP={1.-AP*S5S})*¥%2
S$SJS5=SJ*SJ
PH=(SJS-SSP )/ {2.%5US+12.%AAP*55¢P)
PAK=PH%{ {1 +6.%¥AAP)*SS/3.-2 +*AP)
RAT=1.-PH 1
FCJ=AINT(10000.%FC) !
YI=FCJ+RAT
IF (UPL.GT.0.) YI=YI+40000.
1vy=1
€ 5TkeSS CORRECTIUN IS MADE BY THe FULLOWING STATEMENTS ONLY IF THE
C YIcLU FUNCTION 1S GREATER THAN A TOLERANCGE.
IF (FC.LT.0.020) GO TU 64

r

i

) YI=YI+30000. <
SX{KsL)= SX{KoL)*RAT+PAK

SY{KyL)= SY{K,yL)*RAT+PAK
SXY(KeL)=SXY(KosL)*RAT
64 IF (FRNT) GO TO 66
IF (LAST) YIT(K,L)=YI
IF (IC.ER.2) GO TO 83
66 K=}
1C=2
6L TO 22
83 CUNTIWUE
IF (IT.LE.2) GO TO 6
WRITE (69143) ODFU,ILUyITUsIUsJULUFVILV,1TVe1V,JV
I (LAST) GO TOU 85
CHLCK IF THE CONVERGENCE 1S GOUU ENODUGH. RETURN TO CALCULATE ANOTHER
ITERATIUN TF NOT ACCURATE ENOUGH.
It ((DFUGT +0+002 .URDFV4GTe0.002)ANDIVLLTLT7) GO U o

[aXel

T T e S

Ee R
[}

IF ACCURATE ENOUGHe ADJUST JA INDEX AND CALCULATE FINAL 1T1ERATION. ‘
JA=2
GU TO 6
: C iHc FOLLOWING LOOP SAVES ALL THt DISPLACEMENTS AND STRESSES FUR THE
C CALCULATION OF THE NEXT TIME INCREMENT.
C WITHIN THIS t00Py THE VERTICAL DISPLACEMENTS AND STRESStS ARt ALSO
C

CALCULATED FRUM THE DIAGONAL DISPLAEMENTS AND STRESSES.
85 DO 90 J=1,N
DO 90 I=1,M
IF (I.EQ.(ISF+1)) GO TO 87
UTLI+d)= UT(I1+J)4UTLI1.J)
VT(I,d)= VTLI,J)4VI(I4d)
87 UDT(IsJd)= UD(1,d)
VDT(I+d)= VD(I+J)
IF (J.EQ.1) GO TO 90
89  SXT(IyJ)= SX(I,J)
SYT(I2d)=  SY(I4J) )
l SXYT(I4J)= SXY(I+J)

J T b
-

-

90 CONTINUE
IF (LPP.LT.2) GO TO 185
C THe STRESSES AND DISPLACEMENTS OF THE LUAD INCREMENT IN WHICH THE
C FIRST PLASTIC POINT OCCURS ARE SAVED ON THE OUTPUT TAPE.
LPP=0
WRITE (64119)
WRITE (64143) TMeILlLsIT

a7
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LPr=1
GU TU 245
185 CONTINUE
193 IF (ILL.LT.ILP)} GO TO 250
SAVE RESULTS UN MASS STORAGE FUR SUBRUUIINE PROUT TO PRINT UUT LATER.
SAVING 1S DUNE UNLY AT INCREMENTS OF I[LI.
243 NT2=NT2+1
SXT{l,1)=TM
SYT{l.,l)=ILL
SXYT{Lel)=1Y
SXT(2s1)=1IbLI(1L)
SYT(2s1)=TLD(1)-1
WRITE (8 ) UT,UDT UDDTULsVToVDT VUDT yVIoSXToSYT4SKYT,YIT
SXT{lyl)= SX(1ls1)
SY1{ls+1i= SY(1,1)
SXYT(1.1)=SXY(l.1)
SYTU2y1)= SY(2,1)
SXT{241)= SX{(241)
JTM=ITIME(K)
WRITE (64143) TMaJTM
IV {LPT.EG.1) 0O TO 185
ILP=ILP+ILI
¢50 CONTINUE
REWIND 8
RETURN
L19 FURMAT] ({34£+23HSTRe3S POINT IS PLASTIC/Z)
143 FORMAT (2X+2(120.84+418))
END

$ORILIN SEG1
$1uFTC MPROUT M4y XRT

c
C
"

SUBROUTINE PRGUT

THLS SUBROUTINE IS FOR PRINTING OUT THE VERTICAL STRESSESs VERTICAL

DISPLACEMENTS, AND YIELD INDICATING TAELE IN THE REGIUN UNDER THE

LOADED AREA FOUK MONTTOURING THt COMPUTEK RUN.

COMMON/DUMMY/ VD(494,29),y UD(49,29),
SX(49429)y SY(49929)y SXY(49,29),
UT(49929)9UDT1(49,29)sUDDT149+29)e UL(14929)»
VT(49429)sVUT(49:,29)9yVO0T(43,29)y VI(49,29),
SXT{49929) 2SYT{49929) s 5XYT(49+29),YIT(49,29)

CUMMUN/SDAT/ TM DT yNgMaNLsMLoSISIKsCULyHHsDTT AL +GLPO,LC,

1 CO3+sPeAPsAAP s LPPsSQR2e WUT o NLMsNTR S IBD(2) 5 1ED(2)

COMMON/CONTR/LB gLENs LI o ILP S IEL o IE 9 JLI s JLLoNTL oNT29NT3¢NTUWNT I

1 NIToNOT NTCyNLO(20) o TJB oMUV, IMV,ISF

DIMENSION SL{49e29)s WIGY29)

EQUIVALENCE  (SZU1)+SX(1) ) (W(1),S5Y(1))

DIMENSION  EMS(3)oFMH(3),FMY(3)

DATA FMS({1)/18H(1X,12,12 F10.6) />

D N

i FMWlL)/18H{1Xe12412 FLO.6) /o

2 FMY(L)/LE8H{1Xs12912 Fl0.6) /»

3 FX5etX49 FX39 FX2/6HF10e5)96HF1064) 96HF 10e3)96HF10.2)7
4 +FX6/6HF10.6)/7

U0 240 K=14NT¢
READ (8 ) UToUDTUDUT UL oVToVDToVOUT VI oSXToeSYTeSAYT,YIT
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TM= SXT{1l,.1)

[LL= SY1{1l.1)

TEN= SYT(2,1)

IB= SXT{(2,1)

IY=3XYT(1ls1)
IF (ILL.NE.JLL) GO TO S5

FHE INDEX JLL CONTROLS THE SAVING OF THE RESULYS OF A PARTICULAR

LOAD INCREMENT ON THE OUTPUT TAPE FUR LATER REFERENCE. THE

aOOa

1S ALSO SAVED FOR THE CONTINUATION KUN.
JLL=JLL+JL1
NT1=NTL+1
NLOINTL)=ILL
WREITE (NTO) UT,UDT 4UDDTUTsVT4VDT,VODT VI, SXToSYTySAYT,YIT
5 SXT(1;1)=0.
SXT(2,13=0.
IF (IY.EQ.1) FMY(3)=FX3
DU 30 J=1,N
DO 30 I=1.M
WI,d)=(UT (1,J)04VT(1,J))%1.0E06/SGR2
IF (J.NE.1) GO TO 25
SZ{1+1)= SXT(I.1)%200.
GO T0 30
25 SZUTad)=((SXT(IJ)4SYT(I,))/2.45XYT(1,J))%100.
30 CUNTINUE
JT=0
C SELECTION OF FORMAT FOR THE PRINT OUT.
IF (ABS(SZ(IEN,1)).L¥.10. ) GO TO 209
IF (ABS(SZ(IENs1)).LT.100.) GO TO 208
FMS(3)=FX4
60 TO 212
208 FMS(3)=FX5
GO 70 212
209 FMS(3)=FX6
212 IF (ABS(W(IB+1ls1)).LT. 100.) GO TO 218
IF (ABS(W(IB+1,1)).LT.10000.) GO TO 216
FMW(3)=FX2
GO YO 238
216 FMW(3)=FX4
GO TO 238
218 FMW(3)=FX6
238 CONTINUE -
C PRINT OUT RESULTS IN THE PROPER FORMAT
JB=148
JE=JB+11
239 WRITE (6,125) 1ILLy  TMy(JyJ=dBsJE)
WRITE (6,FMS)  (Jol SZULed)o1=3ByJE) pd=1,M)
WRITE (65126) ILLy  TMy (JeJ=JByJE)
WRITE (69FMW)  (Jol W(Ied)sI=JBadE)d=1,N)
WRITE (64136) ILLy  TMy{JsJ=JB,JE)
WRITE (64FMY)  (Jo(YIT(T3J),1=3B4JE) gd=1,N)
IF (JT.€Q.1) GO TO 240
JB=JB+12
JE=JE+12
IF (JE.GE.M) JT=1
GO TO 239
240 CONTINUE -
NF2=NT1, .

INTERVAL IS GIVEN BY JLI. THE RESULTS OF THE LAST LUAD INCREMENT




DO 205 I=1,4NT1
205 WRITE (64139) NLO(I)
| C IHE RESULTS FRUM THr INPUT TAPF IS TRANSFERRED TO THE UUTPUT TAPE

} C BEHINUL THE OUTPUT OF THIS RUN.
N

} WRITE (64138) NOT ﬂ

IF (NT3.EQ.Q0) GO TO 199
DO 210 I=1,NT3
READ (NTI) UToUDT, UDUI gUL s VT VOT ¢ VUDT yVIgSXT o SYT o SAYTHYIT
NTI=NT1+1
ILL=SYT (1,1}
WRITE (NTO) UT»UDT-UDUT UL 4VT,VDT,VOOT s VIsSXTHSYTySKXYT,YIT
WRITE (65139) ItLL
210 CONTINUE

199 NT3=NT1
LEN=LEN+1
ICv=0
\ WRITE (69137) LENyILT IEToJLIoNTCoNTLINT2eNT34LPPNTUWNILLICV.MOV
1 2138+ IMV
99 RETURN
125 FORMAT (49HLIVERIICAL STRESS DISTRIBUTIUN (SZ%100.) AT ILL =415
1 8He TIME =+Fl10.645H SEC//1X,19,11110/7)
126 FORMAT ( 58HLVERTICAL DISPLACEMENT DISTRIBUTION (w*10.0E 06) AT }
1L ILL =415, 8Hy TIME =4F10.695H SEC//71X419411110/71)
130 FORMAT (4OHLYIELD INDICATING VABLE (Y1) AT [LL =.105
1 8Hy TIME =,F10.695H SEC//1X+19,1111077)
’ 137 FORMAT (1HOy3X,71HFOR CONTINUING RUNy UNLY NEED TO CHANWE THE LAST
1 DATA CARD AS FOLLOWS--//

2L1X,77HLB  LEN ILI IEI JLI NTC NT1L NT2 NT3 LPP NTl NTO
3ICV MOV IJB  IMV//8XysI5,5X,1515)
138 FURMAT (1HO,18X,11HTAPE NUMBER,I6,54H CONTAINS THE RESULTS OF LOA
1D INCREMENT NUMBER ItL =//)
139 FORMAT (23X,[5)
END

» THE FOLLOWING IS A SAMPLE SET OF INPUT DATA FOR THE PROGKAM.

$DATA
SPACING FACTOR,y N=2.5
130.0 0.45 8950.0 2000.0 15.0

900.0 18.0 24600.0  1.3BE-04
4.50 0,000l 39 29
1L 15 21 25
400.00 500.00 i
2456 2561
1 so 5 5 50 0 0 0 0 1 9 10 0 G,
$COF —
: 1 100
2 184
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APPENDIX V

HIGH SPEED VERTICAL PLATE TESTS

TEST RESULTS
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TABLE LVI
MOISTURE - DENSITY - CONE INDEX SUMMARY - CLAY

Percent Dry Density CI

Test No. Moisture (1b/£t3) 1bt/°-t°2

W Yd (1b/in%)

C-1A 29.89 85.69 121.8

C-1B 29.72 86.25 119.8

C-2A 28.96 75.13 137.7

c-2C 28.70 86. 15 120.0

C-3C 28.31 90. 02 108.7

C-3D 27,82 87.98 109.9

C-4A 29.72 71.56 99.7

C-4C 29,41 85.32 134.7

Cc-5A 29.46 78.98 141.7

C-5B 29.81 78.21 136.8

C-6A 30.35 81.38 102.9

C-6B 30.45 80.50 110.8

C-7A 29.80 81.59 109.3

C-7B 30.25 81.05 108. 4

C-8A 29.16 88.91 120.8

C-8B 29.24 87.48 115.9

C-9A 29.25 87.19 109.2

C-9B 28.29 87.29 109.7

—— m=J
&
-
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TABLE LVII

TYPICAL CONE PENETRATION RESISTANCE
WITH DEPTH CALCULATION

Test No. C-3D, Clay

Rate, r = 0.1 in/sec

=
Depth, inches ]iﬁl 1;1;482 1:1#33 CILayer
1-1/2" + 1/2¢ 49 52 52 | 102.7
+ 1 51 53.5 | 55 106.4
+ 1-1/2" 53 55 57 110.0
+ 2" 53.5 55 59 111.6
+ 2-1/2" 55 56 60 114.0
+ 31 56 56 60 114.6
e
< CILa.yer B R#13+- R.IZ - R#3
; Cone
g whnere ACone = 0.50 sq. inches

R#l’ R#Z’ R#3 represent the cone penetration resistance in

pounds of three cone penetration tests taken per sample.
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TABLE LIX
MOISTURE - DENSITY - CONE INDEX SUMMARY - SAND

Percent Dry Density Clou
Test No. Moisture (lb/ft3) (lb/iznz)
w Yd
S-1A 4.96 119.76 49.0
S-1B 5.1" 120.55 48.0
S-1C 5.34 118,37 57.2
S-2A 5.48 115.90 51.4
S-2B 5.76 118.40 50.2
S-2C 5.76 120.74 52.0
S-3A 5.96 119,13 50.8
S-3B 5.69 115,65 49.3
S§-3C 5.70 124,27 58.0
S-4A 5.90 119.10 50.8
S~4B 5.34 115,80 48.8
S-4C 5.83 120. 86 50.6
S-5A 5.42 114,10 49.8
S-5B 5.66 113,40 50.6
S-5C 5.62 115,38 45.2
S-6A 5.64 123,06 56.4
S-6B 5.12 121,16 53.4
S-6C 4.95 120.66 52.0
S-7A 5.10 123,06 61.4
S-7B 5.23 124,65 51.4
S-7C 5.13 121,46 58.2
S-8A 4.58 122,29 49.6
S-8B 4.72 119.17 53.3
S-8C 4,81 119.94 47.1
S-9A 5.13 124,95 57.9
S-9B 4.83 118.53 61.7
S-9C 4.75 120,68 54.8
%w
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]
; TABLE LX
UNIFORMITY OF SAMPLE PREPARATION - SAND
b

r: —— — e —
chaypr
Test No.
l CLy pn | CLp | € y/50 | Shu | €Ly 50 | Clan
b k3
: S-1A 12.7 | 22.1 33.7 49.0 68.3 91.9
S-1B 12.9 | 21.2 32.3 48.0 67.3 90.7
4 S-1C 16.2 | 26.5 40.5 57.2 80.0 104.9
S-2A 14.8 | 23.2 35,2 51,4 70. 4 94, 4 ﬁ
‘ S-2B 13.2 | 21.8 33.8 50.2 67.8 91.2
s-2C 15.4 | 24.7 36.5 52.0 70.2 92,1
S-3A 13.5 | 21.9 34.0 50.8 71.4 97.2
S-3B 13.0 | z1.8 33.5 49,3 69.4 90.6
S-3C 17.1 | 27.7 41.3 58.0 75.8 100. 1
. S-4A 14.7 | 23.1 35.0 50.8 69.4 93,2
‘ S-4B 14.9 | 22.7 33.6 48.8 69.5 92.4
’ S-4C 15.6 | 24.3 34,0 50.6 70. 4 95.0
S-5A 14.5 | 23.5 34.7 49,8 69.7 97.3
S-5B 13.5 | 22.7 33.7 50. 6 68.0 89.9
S-5C 12.0 | 20.4 31.5 45,2 64.3 90.8
S-6A 17.2 | 27.9 40.9 56.4 74.5 96.1
S-6B 15.0 | 23.8 36.9 53,4 72.4 95.7 \
3 S-6C 13.7 | 23.0 35.1 52.0 75.0 100. 4
S-74A 16.4 | 27.7 42,7 61.4 86.1 111.3
: S-7B 14.7 | 24.5 36.7 51,4 70.1 90.3
S-7C 15.1 | 25.1 39.4 58.2 82.9 110.8
S-8A 12.6 | 21.0 33.3 49.6 66.0 85.4
; S-8B 14.5 | 23.4 36.2 53.3 72.9 94.3
3 S-8C 14.9 | 23.3 33.8 47.1 65.5 90.8 1
& S-9A 15.3 | 25.7 39.0 57.9 80.4 108.1
] £ S-9B 15.3 | 25.7 41.6 61.7 85.3 111.5
H §-9C 15.6 | 25.8 38.7 54,8 76.5 104.0
=
§ d
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APPENDIX V1

UNIVERSITY OF DAYTON TIRE/SOIL INTERACTION
RESEARCH REPORTS AND
COMPUTER PROGRAMS ﬂ
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A summary listing is given on the following pages of each report
and each computer program developed by the University of Dayton under

Air Force sponsorship (Air Force Flight Dynamics Laboratory, Vehicle

Equipment Division) in the research program, "Landing Gear/Soils

L

Interaction and Flotation Criteria."

The computer programs are available for use by other organizations
with Air Force permission. Additional information may be secured by ’

contacting:

Dr David C. Kraft
Dept. of Civil Engineering and Research Institute
University of Dayton

¢ Dayton, Ohio 45409

Mr. George J. Sperry

Project Engineer, Vehicle Equipment Division (AFFDL/FEM)
Air Force Flight Dynamics Laboratory

Wright-Patterson Air Force Base, Ohio 45433
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LANDING GEAR/SOILS INTERACTION AND FLOTATION CRITERIA
PUBLICATIONS AND REPORTS

BRE 0

b Kraft, David C., and Hoppenjans, J. R., Experimental Determination of
; Rolling-Multiple Wheel Performance in Soil, paper accepted for

g presentation at ISTVS 4th International Congress, Stockholm, Sweden,
& April 1972.

Kraft, David C., Luming, Henry, and Hoppenjans, J. Richard, Multiwheel
Landing Gear - Soils Interaction and Flotation Criteria - Phase III,
Part I, AFFDL-TR-71-12, Part 1, Air Force Flight Dynamics
Laboratory, Wright-Patterson Air Force Base, Ohio, May 1971.
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Kraft, David C., and Luming, Henry, Multiple Rolling Tire Sinkage and
Drag Interaction Effects, paper presented at the Joint 1STVS-
SAE Meeting, Detroit, Michigan, January 1971.

Luming, Henry, Analytical Aircraft Landing Gear-Soil Interaction -
Phase III, Rolling Single Wheel Analytical Sinkage Prediction Technique
and Computer Program, AFFDL-TR-70-142, Air Force Flight

Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio,
September 1970.
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Kraft, David C., Liguori, Albert E., Hoppenjans, J. Richard, Twin-
Vertical Plate Verification Tests, Test Report, UDRI-TR-70-27,
University of Dayton Research Institute, Dayton, Ohio, May 1970.

Luming, Henry, Multiwheel Vertical Pulse Load Analytical Sinkage
Prediction Technique and Computer Program, UDRI-TR-70-22,
University of Dayton Research Institute, Dayton, Ohio, May 1970.

Kraft, D. C., Luming, H., and Hoppenjans, J. R., Aircraft Landing Gear-

Soils Interaction and Flotation Criteria, Phase II, AFFDL-TR-69-76,
Air Force Flight Dynamics Laboratory, Wright-Patterson AFB, Ohio,
November 1969,

Luming, Henry, Finite Element Approach to Axisymmetric Dynamic Soil
Deformations, Symposium on Application of Finite Element Methods
in Civil Engineering, Vanderbilt University, Nashville, Tennessee,
November 1969,

Kraft, David C., Flotation Performance of Aircraft Tires on Soil Runways,
Journal of Terramechanics, Vol. 6, No. 1, 1969.

Kraft, David C., Preliminary Single Wheel Relative Merit Index, UDRI-
TR-69-16, University of Dayton, Dayton, Ohio, May 1969.

Kraft, David C., Analytical Landing Gear-Soils Interaction, Phase I,
AFFDL-TR-68-88, Air Force Flight Dynamics Laboratory, Wright-
Patterson Air Force Base, Ohio, August 1968.

LANDING GEAR/SOILS INTERACTION A’ v FLOTATION CRITERIA
COMPUTER PROGRAMS

Title of Computer Program: Transient Loading-Sinkage Analysis, Com-

puter Program - 1

Brief Description: The computer program calculates the instantaneous

(time-dependent) sinkage into a soil medium of a rolling aircraft
tire. The rolling aircraft tire loading is simulated as a dynamic
pulse loading applied in a vertical direction through a mass at the
interface. The duration of the pulse is varied to simulate different
forward velocities of the tire. The soil medium is assumed to be
elastic and the load is applied as a uniform pressure over a

circularly loaded area. The input parameters are the magnitude of
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the mass, shape of load pulse, duration of pulse, radius of loaded

area, intensity of pressure, soil density, and soil shear modulus.

Computer Language: Fortran IV - (IBM)

Equipment: The computer program was originally written for use on the

iBM 7094 at Wright-Patterson Air Force Base, Dayton, Ohio.

Reference: Kraft, David C., "Analytical Landing Gear-Soils Interaction -
Phase I," AFFDL-TR-68-88, Air Force Flight Dynamics Labora-
tory, Wright-Patterson Air Force Base, Ohio, August 1968.

Title of Computer Program: Flotation Index-Operations Index, Computer

Program - 2

Brief Description: The computer program calculates the flotation capacity

of single and multiple wheel landing gear configurations for operation
on unprepared (soil) runways. The flotation capacity is expressed

by the Flotation Index (FI) and Operations Index (OI) which are
calculated based on sinkage and drag. The FI is the drag ratio of

a given aircraft based on specified operating conditions. The OI is

the ratio of sinkage to load at the same operating conditions. Current
program results include flotation ratings of all currently used aircraft
tires on cargo, bomber, and fighter type aircraft. These results
permit aircraft designers to select tires and landing gear configurations

for optimum flotation (minimum drag). Program was revised 6-70.

Computer Language: Fortran IV - (IBM)

Equipment: The computer program was originally written for use on the
IBM 7094 at Wright-Patterson Air Force Base, Dayton, Ohio.

Reference: Kraft, David C., Luming, Henry, and Hoppenjans, J. R.,

"Aircraft Landing Gear-Soils Interaction and Flotation Criteria -
Phase I, ' AFFDL-TR-69-76, Air Force Flight Dynamics
Laboratory, Wright-Patterson Air Force Base, Ohio, November 1969.
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Title of Computer Program: Sinkage Wheel Stationary Pulse Load-Sinkage

Prediction, Computer Program - 3 T

Brief Description: This computer program calculates the instantaneous
sinkage into a soil medium caused by a rolling aircraft tire. The
interface contact of the rolling tire is simulated by a stationary
circular surface contact pressure which is uniform over the contact
area and varies with time in the form of a pulse. The magnitude of
the pressure changes in the same manner as the pressure experienced (i
4

by a soil particle near the surface of the soil as the tire rolls over

it. The soil is assumed to be an elastic-plastic material with elastic g w
deformation governed by Hooke's law, the plastic deformations )

governed by an incremental stress-strain relation which is based on

the normality flow rule, and the plastic yielding governed by the
' Drucker-Prager yield criterion with no strain-hardening. The input
b soil parameters are the density, the Young's modulus, the cohesion,
and the friction angle. The numerical method used in solving the
boundary value problem is the lumped parameter iteration method.
This method uses an axisymmetric lumped parameter model to
approximate the continuous medium and an iterative procedure to (
calculate the displacements and the stresses at the discrete points

of the model.

Computer Language: Fortran IV - (IBM)

Equipment: This computer program was originally written for use on the

IBM 7094-DCS at Wright-Patterson Air Force Base, Dayton, Ohio.

It has a 32K-word core capacity,

Reference: Kraft, David C., Luming, Henry, and Hoppenjans, J. R.,

"Aircraft Landing Gear-Soils Interaction and Flotation Criteria -

om0

Phase II", AFFDL-TR-69-76, Air Force Flight Dynamics Laboratory,
Wright-Patterson Air Force Base, Ohio, November 1969,




Title of Computer Program: Rolling Single Wheel Sinkage Prediction,

Computer Program - 4

Brief Description: This computer program calculates the instantancous

sinkage into a soil medium caused by a rolling aircraft tire. The

interface contact of the rolling tire is simulated by a surface contact

pressure which is applied uniformly over an area equiva.ent to the

‘ : tire footprint area and is moved «.cross the surface at the aircraft

§ horizontal ground velocity. The magnitude of the uniform pressure

increases over a finite rise time from zero to a pressure equal to

! the vertical tire load divided by the contact area. The soil mediam

{ is assumed to be an elastic-plastic material with elastic deformations

a governed by Hooke's law, the plastic deformations governed by an
incremental stress-strain relation which is based on the normality
flow rule, and the plastic yielding governed by the Drucker-Prager

. yield criterion with no strain-hardening. The input soil parameters

’ . are the density, the Young's modulus, the cohesion, and the friction

angle. The numerical method used in solving the boundary value

problem is the lumped parameter iteration method. This method

uses a three-dimensional lumped parameter model to approximate

the continuous medium and an iterative procedure to calculate the

v g o A

displacements and stresses at the discrete points of the model. An
input-output scheme is also used for utilizing the limited core

capacity for the three-dimensional problem.

[T T

Computer Language: Fortran IV - (IBM)

| ; Equipment: This computer program was originally written for use on the
IBM 7094-DCS at Wright-Patterson Air Force Base, Dayton, Ohio.
It has a 32K-word core capacity.

Reference: Luming, H., '"Analytical Landing Gear-Soil Interaction - Phase

III. Rolling Single Wheel Analytical Sinkage Prediction Technique and
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Computer Program,'" AFFDL-TR-70-142, Air Force Flight
Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio,

September 1970.

;
t

Title of Computer Program: Multiwheel Stationary Pulse Load Sinkage

Prediction, Computer Program - 5

Brief Description: This computer program calculates the instantaneous

sinkage into a soil medium caused by a pair of rolling twin aircraft
tires. If the sinkages for various twin-wheel spacings we>e cal-
culated and compared with the correspcending single-wheel sinkage,
twin wheel effects of aircraft landing gear configurations could be
obtained for use in flotation studies. The interface contacts of the
rolling twin tires are simulated by two stationary surface pressure
strips which are uniformly distributed and vary with time in the

, form of a pulse. The magnitude of the pressure changes in the same

manner as the pressure experienced by a soil particle near the

surface of the soil as the tire rolls over it. The soil is assumed

to be an elastic-plastic material with elastic deformations governed

by Hooke's law, the plastic deformations governed by an incremental

stress-strain relation which is based on the normality flow rule,

and the plastic yielding governed by the Drucker-Prager yield

criterion with no strain-hardening., The input soil parameters are

) the density, the Young's modulus, the cohesion, and the friction angle.

The numerical method used in solving the boundary value problem is

the lumped parameter iteration method. This method uses a plane-

{ strain two dimensional lumped parameter model to approximate the

continuous medium and an iterative procedure to calculate the dis-

placements and stresses at the discrete points of the model.

Computer Language: Fortran IV - (IBM)
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Equipment: This computer program was originally written for use on the
IBM 7094-DCS at Wright-Patterson Air Force Base, Dayton, Ohio.

It has a 32K-word core capacity.

Reference: Luming, Henry, "Multiwheel Landing Gear-Soil Interaction -
Phase III, Multiwheel Vertical Pulse Load Analytical Sinkage Pre-
diction Technique and Computer Program, ' R&D Computer Program
Report, Report No. UDRI-TR-70-22, University of Dayton Research
Institute, Dayton, Ohio, May 1970.

Title of Computer Program: Rolling Tandem Wheel Sinkage Prediction,

Computer Program - 6

Brief Description: This computer program calculates the instantaneous

sinkage into a soil medium caused by a pair of free-rolling tandem-
tracking aircraft tires, If the sinkages for various tandem-wheel
spacings were calculated and compared with the corresponding single-
wheel sinkage, tandem wheel effects of aircraft landing gear config-
urations could be obtained for use in flotation studies. The interface
contacts of the rolling tandem tires are simulated by two surface
pressure strips which are applied uniformly over areas with width
equal to the tire footprint length. The pressure strips are moved
across the surface at the aircraft horizontal ground velocity. The
magnitude of uniform pressure increases over a finite rise time from
zero to a pressure equal to the vertical tire load divided by the
contact area. The soil is assumed to be an elastic-plastic material
with elastic deformations governed by Hooke's law, the plastic
deformations governed by an incremental stress-strain relation
which is based on the normality flow rule, and the plastic yielding
governed by the Drucker-Prager yeild criterion with no strain-
hardening. The input soil parameters are the density, the Young's

modulus, the cohesion, and the friction angle. The numerical
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method used in solving the boundary value problem is the lumped
parameter iteration method. 7This method uses a plane-strain two
dimensional lumped parameter model to approximate the continuous
medium and an iterative procedure to calculate the displacements

and stresses at the discrete points of the model.

Comput2r Language: Fortran IV - {iIBM and CDC)

"

A d

Equipment: This computer program was originally written for use on the
IBM 7094-DCS at Wright-Patterson Air Force Base, Dayton, Ohio.

o

It has a 32K-word core capacity. A version for use on the CDC-6600

at Wright-Patterson Air Force Base is also available.

Reference: Luming, Henry, "Multiwheel Landing Gear-Soil Interaction -
Phase III, Rolling Multiwheel Analytical Sinkage Prediction Technique
and Computer Program, ' R&D Computer Program Report, Report No,

UDRI-TR-71-08, University of Dayton Research Institute, Daytbn,
Ohio, April 1971,

Title of Computer Program: Braked Wheel Sinkage Prediction Computer

Program

Brief Description: This computer program calculates the instantaneous

sinkage of a braked aircraft tire into a soil runway. The loading
applied to the soil surface is simulated by a uniform vertical pressure

acting simultaneously with a uniform horizontal shear which is given

g

as a percentage of the vertical load. The load is applied over an area
with width equal to the tire footprint length. The soil is assumed to
be an elastic-plastic matrix with elastic deformations governed by
Hooke's Law, the plastic deformations governed by an incremental
stress~strain relation which is based on the normality flow rule, and
the piastic yielding governed by the Drucker-Prager yield criterion

with no strain hardening. The input soil parameters are the density,

Young's modulus, cohesion, and friction angle. The soil is assumed

to be in a state of plane strain and is modeled by a twc=dimensional
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]
lumped parameter approach. An iterative procedure is utilized to
compute the displacements and stresses at the discrete points of the |
model. ;
" Computer Language: Fortran IV T

Equipment: This computer program was written for use on the CDC 6600

digital computer at Wright-Patterson Air Force Base.

{
Reference: Bogner, Fred K., "Braked Wheel Sinkage Prediction Technique 1
4

and Computer Program' (in preparation).

"

gy

b
—— - e

wy

T T R T




o

[P

h
Security Classification

DOCUMENT CONTROL DATA - R&D

(Security classitication of title, body of abatract and i tion muat be entered whan the overall report ia classified)

1 ORIGINATIN G ACTIVITY (Corporate author) . 28. REPORT SECURITY C LASSIFICATION
University of Dayton Research Institute ‘ Unclassified
300 College Park Avenue /...« Zii 4o ~[3% crous
Dayton, QOhio 45409 VIR

3. REPORT TITLE
MULTIWHEEL LANDING GEAR -~ SOILS INTERACTION AND FLOTATION
CRITERIA - PHASE UI. PARTII

&4 DESCRIPTIVE NOTES (Type of report and inclusive dates)

Final Report

S. AUTHOR(S) (Last nars. first name, initial)
Kraft, David C.; Luming, Henry; Hoppenjans, J. Richard; and
Bogner, Fred

6. REPORT DATE 78. TOTAL NO. OF PAGES 7b. NO. OF REFs

January 1972 201 22

B8a. CONTRACT OR GRANT NO. 98 ORIGINATOR'S REPORT NUMBER(S)

F33615-70-C- 1170‘/

5. PROJECT NO.

c. 0. g"'r.u’t‘:o”Pon'r NO(S) (Any other numbere that may be asalgned
d. AFFDL-TR-71-12, PARTII

10. AVAILABILITY/LIMITATION NOTICES
Distribution limited to U.S. Government agencies only; test and evaluation; statement

applied February 1972. Other requests for this document must be referred to
AF Flight Dynamics Laboratory (AFFDL/FEM), Wright-Patterson AFB, Ohio 45433,

12. SPONSORING MILITARY ACTIVITY

AF Flight Dynamics Laboratory

(AFFDL JFEM)
Wright-Patterson AFB, Ohio 45433

11. SUPPLEMENTARY NOTES

a TRACT

he design and utilization of military aircraft in forward area situaticns has
required a continual investigation of those factors which define the aircrait flota-
tion performance and operations capability on semi~ and unprepared soil runways.
This report summarizes these efforts conducted under Phase III - Part II of a
continuing research program in landing gear/soil interaction.

Phase III - Part II consisted primarily of a comprehensive investigation of thd
flotation variable of braking and how braked tire/soil interaction influences flota-
tion performance. A series of full scale braked tire tests were conducted in a
sand and clay type soil. An analytical study of braked tire/soil interaction was
also made using a lumped parameter technique to simulate the soil. The results
of these investigations resulted in two braking analysis equations which can be
used to predict the braléed tire drag ratio, W&%&W,
Wod—ﬁfe-bedﬁfor aircraft type tires operating in sand and clay type soils

Additional studies were also made, on a preliminary basis, of the flotation
variables of multipass and speed. An update of the Aircraft Flotation/Operation
Summary Guide, initially presented in the Phase III - Part I Final Report, is
also presented.

Security Classification

AT




> - - T e e -

T

PN

YT

-
5,

AR

= oy oo s — W T e T T
UNCLASSIFIED
Security Classification
18 LINK A LINK B LINK C
KEY WORDS ROLE WY ROLE wT ROLE wT

Aircraft Flotation; Aircraft Ground Surface
Drag; Aircraft Tire Sinkage; Soil Mechanics;
Dynamic Loading of Soil; Lumped Parameter
Iteration Method; Computer Program; Aircraft
Tire Braking Effects on Soil Runways; Aircraft
Multipass Operation nn Soil; Aircraft Ground

Speed.

INSTRUCTIONS

1. ORIGINATING ACTIVITY: Enter the name and add.

of the contractor, subcontractor, grantee, Department of De-
fense activity or other organization (corporate suthor) issuing
the report.

2a. REPORT SECURITY CLASSIFICATION: Enter the over-
all security classification of the report. Indicate whether
‘‘Restricted Data’” is included. Marking is to be in accord-
ance with appropriate security regulations.

2b. GROUP: Automatic downgrading is specified in DoD Di-

. rective 5200.10 and Armed Forces Industrisl Manual, Enter

the group number. Also, when applicable, show that optional
markings have been used for Group 3 and Group 4 as author~
ized.

3. REPORT 11TLE: Enter the complete report title in all

cepital letters. Titles in all cases should be unclassified.

If a meaningful title cannot be selected without classifice-

tion, show title classification in all capitals in parenthesis
immediately following the title.

4. DESCRIPTIVE NOTES: If sppropriate, enter the type of
teport, e.g., interim, progress, summary, annual, or final.
Give the inclusive dates when a specific reporting period is
covered.

5. AUTHOR(S): Enter the name(s) of author(s) as shown on
or in the report. Entet last name, {irst name, middle initial.
If xilitary, show rank snd branch of setvice. The name of
the principal aothor is an absolute minimum requirement.

6. REPORT DATZ: Enter the date of the report as day,
month, year; or month, year. If more than one date appears
on the report, use date of publication,

7a. TOTAL NUMBER OF PAGES: The total page count
shouid follow normal pagination procedures, 1.e., enter the
number of pages containing information.

7b. NUMBER OF REFERENCES Enter the total number of
references cited in the report.

8a. CONTRACT OR GRANT NUMBER: If sppropriate, enter
the spplicable number of the contract or grant under which
the report was written.

8b, 8¢, & 8d. PROJECT NUMBER: Eater the appropriate
military department identification, such as project number,
subproject number, system numbers, task number, etc,

9a. ORIGINATOR'’S REPORT NUMBER(S): Eater the offi-
cial report number by which the document will be identified
and controlled by the originating activity. This number must
be unique to this report,

9b. OTHER REPORT NUMBER(S): If the report has been
assigned any other report numbers (either by the originator
or by the sponsor), rlso enter this number(s).

10. AVAILABILITY/LIMITATION NOTICES: Eater any lim-

itations on further dissemination of the report, other than those

imp d by security classification, using standard statements

such as:

(1) “*Quatified requesters may obtain copies of this
report from DDC.*!

(2) ‘*Foreign t and di ination of this
report by DDC is not authorized,”’

(3) **U. S. Government agencies may obtain copies of
this report directly from DDC. Other qualified DDC
users shall request through

(4) **U. S. military agencies may obtain copies of this
report directly from DDC. Other qualified users
shall request through

(5) °‘‘All distribution of this report is .;ontrolled Qual-
ified DDC users shall request through

”
>

If the report has been furnished tc the Office of Technical
Services, Department of Commerce, for sale to the public, indi-
cate this fact and enter the price, if known.

11, SUPPLEMENTARY NOTES: Use for additional explana-
tory notes.

12, SPONSORING MILITARY ACTIVITY: Enter the name of
the departmental project office or laboratory sponsoring (pay-
ing for) the research and development. Include sddress.

13. ABSTRACT: Enter an abstract giving s brief and factual
summary of the document indicative of the report, even though
it may also appear elsewhere in the body of the technical re-

port. If additional space is required, a continuation sheet shall’

be attached.

It is highly desirable that the at t of classified reports
be unclassified. Each paragraph of the abstract shall end with
an indication of the military security classification of the in-
formation in the paragraph, represented as (TS), (S), (C). or (U).

There is no limitation cn the length of the abstract. How-
ever, the suggested length is from 150 to 225 words.

14. KEY WORDS: Key words are technically ingful terms
or short ph that ch terize a report and may be used as
index entries for cataloging the report. Key words must be

selected 30 that no security classification is required. Identi-

fiers, such as equipment model designation, trade name, military

project code name, geographic location, may be used as key
words but will be followed by an indication of technical con-
text. The assignment of linke, rules, and weights is optionsl.

> -

e SRRy e 2- 3% SemAdne Nl Al e e
PO 984-581 -

o v ~%:‘-_‘:.‘<.u\f —fl»« R
#U.S.Governmaent Printing Oifice:: 1972 = 759-086/384

UNCLASSIFIED

Security Classification

-




